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ABSTRACT 
Efficacy of Catalytic Ozonation Advanced Oxidation Processes Compared to Traditional 
Ozone-Based Advanced Oxidation Processes for Degradation of Recalcitrant Compounds  
Cindy Jocelyn Sevilla Esparza 
This study reviews catalytic ozonation AOPs and traditional ozone-based AOPs to 
compare their efficiency for degradation of ozone-recalcitrant compounds. With the 
world’s population increasing and water becoming a scarce resource, it is important to 
improve current water recycling methods. Recycling water will play a large role in 
accommodating the increasing demand, but it will also be necessary to be improve the 
level of treatment in order to account for emerging contaminants (ECs) such as 
pharmaceuticals and personal care products.  Advanced oxidation processes (AOPs) have 
been developed to degrade ECs that are not effectively removed by conventional 
wastewater treatment. The goal of implementing AOPs is to promote the formation of 
hydroxyl radicals (•OH), which are stronger oxidants than ozone, to degrade recalcitrant 
compounds. Current AOPs under investigation include ozonation of metal and carbon-
based catalysts, known as catalytic ozonation.  Traditional ozone-based AOPs currently 
in use include UV combined with ozone (UV/O3) and hydrogen peroxide combined with 
ozone (H2O2/O3).   
Seventeen studies were reviewed to analyze the effectiveness of multiple carbon- and 
metal oxide-catalytic ozonation AOPs, compared to traditional AOPs. These studies 
varied in reactor type, water source, pH, catalyst pretreatment, inclusion of competitor 
species, and flow regime. The variety of testing conditions made comparison difficult, so 
all studies were compared based on contaminant removal efficiency and degradation rate, 
as well as general EC degradation and removal of TOC. The addition of metal oxides 
during ozonation consistently increased rate of removal and in some cases, even doubled 
the reaction rate. Catalytic ozonation consistently decreased total organic carbon (TOC) 
levels amongst multiple studies, even in the presence of competitor species. Future work 
should study the formation and subsequent breakdown of reaction intermediates, role of 
competitor species, and impact of sorption to the ozonation catalyst.  
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Chapter 1 
INTRODUCTION 
An estimated 2 billion people live in regions with water stress [1].  Climate change and 
increasing competition for water resources only worsen the crisis. There is a high demand 
for freshwater because humans rely heavily on it for drinking, bathing, and irrigating. The 
average person needs 1,200 m3 of water annually, and with the world’s population 
estimated to increase to 12.5 billion by 2050, increased water conservation and recycling 
will be crucial to meet the demand [2]. The limited surface water and groundwater 
supplies available are rapidly depleting, and protecting available water through increased 
recycling of wastewater will be vital for sustaining life on this planet [3].  
Population growth, industrialization, agricultural practices and urbanization are all 
responsible for the increase in water demand [4]. Water conservation practices are 
gradually being implemented in developed regions in attempts to manage water demand 
sustainably [5]. In addition to conservation, water recycling will also become essential for 
meeting future water demands. Approximately 32 billion gallons of municipal 
wastewater are produced every day in the United States, but less than 10% is 
intentionally reused [6]. Reusing the wastewater currently discharged into oceans and 
estuaries could increase the water available in the United States by up to 6% [7]. 
Improving water recycling practices globally will be a critical part in meeting future 
water demands.  
As water recycling increases, effective water treatment will be necessary to account for 
new substances being consumed. Humans are consistently creating and consuming new 
medications, pharmaceuticals and personal care products that eventually become part of 
the waste stream. While it has long been known that these contaminants existed in the 
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waste stream, due to lack of instrumentation, they could not be identified or quantified at 
wastewater treatment plants until fairly recently [8]. Technological advancements have 
allowed wastewater treatment facilities to identify emerging contaminants (ECs), and 
measure their concentrations [9]. There are multiple studies being conducted to determine 
the effect of ECs on ecotoxicity and overall health [10], [11]. These studies are focusing 
on multiple pharmaceuticals, hormones, and ionic liquids that have raised concerns [4], 
[10]–[14]. Due to the fact that many of these studies are still ongoing, there are not many 
regulations yet instituted to limit the presence of ECs in the environment. Precautionary 
measures need to be taken regardless in order to protect the health of all habitants on this 
planet.  
Specific ECs can be removed or partially degraded with conventional treatment 
processes, but others remain despite treatment. These contaminants are considered 
recalcitrant pollutants [5]. Most of these contaminants are resistant to sorption, 
biodegradation and/or other degradation processes [9]. Due to their persistence in the 
environment, other removal methods have been explored. In wastewater and water 
applications, ozone has been used as an effective oxidant, usually applied in the 
disinfection portion of treatment processes as it is known to be effective against most 
pathogens [1]. Ozone  has also been found to effectively treat specific functional groups, 
such as phenols and amines, in some ECs; however, it is very selective in treating other 
constituents that are increasingly more common in waste streams [15]. Only compounds 
with specific structures or containing specific functional groups can be degraded by 
ozonation, resulting in a low removal yield [16]. 
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In recent years, studies have explored the possibilities of utilizing ozone in combination 
with other materials for oxidizing ECs, one of many processes known as advanced 
oxidation processes (AOPs) [16]. AOPs are defined as technologies that use chemical 
oxidants to generate •OH in sufficient quantities for water purification [8].  •OH radicals 
have high reaction rates that degrade electron-rich organic compounds faster than other 
oxidizers [16], [17]. AOPs may provide an attractive alternative to traditional treatment 
because of their high reaction rates and potential to reduce toxicity [13]. 
AOPs have received an increasing amount of attention in the last decade and have been 
applied successfully in numerous cases [18]–[20]. An AOP’s efficiency is affected by the 
particular AOP method, physical and chemical properties of a contaminant, and operating 
conditions [21]. Current ozone-based AOPs include UV with ozone and hydrogen 
peroxide with ozone, but these methods are energy and cost intensive.  More recently, 
catalytic ozonation has been investigated as an AOP alternative.  Catalytic ozonation 
involves exposing a catalyst, typically a metal oxide or carbon-based substrate, to ozone, 
initiating a series of reactions that produce •OH in the bulk solution. Ideal ozonation 
catalysts have high surface areas, are resistant to oxidizing environments, and have a 
strong structure [17].  Catalytic ozonation may hold potential to overcome limitations of 
current ozone-based AOPs.   
1.1 Research Questions 
A wide variety of experiments and pilot studies were compared in this study. These 
studies focused on removing three recalcitrant emerging contaminants by different ozone-
based AOPs including catalytic ozonation, H2O2/O3 and UV/O3. Multiple carbon 
materials and metal oxides were used as catalysts in these experiments. Analyzing the 
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methodologies of these previous studies and their results on overall recalcitrant-
compound degradation, reaction rates, and total organic carbon (TOC) removal can 
provide direction for the next steps to treat emerging contaminants.  
This study was conducted to explore the following questions:  
• What is the effectiveness of catalytic ozonation, H2O2/O3 and UV/O3 on the 
degradation of various ozone recalcitrant compounds? Comparing overall removal 
efficiency and reaction kinetics will allow us to understand the potential for 
catalytic ozonation compared to current ozone -based AOPs.  
• How do different experimental conditions affect overall contaminant removal? 
Experiments varied between different AOPs and catalysts; however, they also 
varied in reactor types, the amount of ozone administered, and addition of other 
substances.  
• How do different advanced oxidation processes affect removal of reaction 
intermediates? Total organic carbon (TOC) was analyzed in order to identify the 
overall degradation of contaminants and their reaction byproducts during 
treatment. This metric provides a more complete analysis of the entire breakdown 
process.  
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CHAPTER 2 
LITERATURE REVIEW 
Due to new emerging contaminants constantly being introduced into waste streams, new 
treatment methods are being developed in order to find methods to reduce them. Current 
methods have proven effective for some emerging contaminants, but at high cost or 
energy demand. These limitations and overall health concerns have opened the field for 
development of new methods to target challenging contaminants.  
2.1 Emerging Contaminants in Drinking Water  
Emerging contaminants (ECs) found in wastewater treatment plants (WWTPs) are 
rapidly increasing in concentration due to the fabrication and use of new medications, 
personal care products, and other chemicals. Pharmaceuticals and personal care products 
(PPCPs), herbicides, disinfectant byproducts (DBPs) and endocrine disrupting chemicals 
(EDCs) are common ECs detected in WWTPs. These contaminants often make their way 
into the environment through WWTP effluents. Conventional wastewater treatment 
primarily focuses on BOD, phosphorus and nitrogen removal, but it does not account for 
ECs. Numerous ECs can pass through the entire WWTP and into receiving bodies 
without being affected by treatment processes [22]. 
ECs are increasingly prevalent in waste streams because many retain their chemical 
structure when consumed in order to be effective [23]. They are difficult to remove due to 
their low concentrations and stability [23]. WWTPs have detected hundreds of ECs 
during treatment [12]. Although it is not feasible to quantify all ECs in a WWTP, 
common ECs are usually present in concentrations of 40-170 ng/L [24]. The combination 
of ECs also creates additional issues in receiving waters for WWTP effluent. Multiple 
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studies have shown that continuous exposure to mixtures of micropollutants can have 
additive and even multiplicative effects compared to a single drug [19], [24], [25].  
ECs have been measured in surface waters in concentrations ranging from one nanogram 
to several micrograms per liter [23], [26]. The majority of ECs detected in surface water 
are estrogenic compounds [24].  These compounds mimic the effect of estrogen and are 
linked to endocrine damage, genetic mutations, and other forms of ecological damage in 
aquatic wildlife [24]. This can harm fish populations and potentially affect humans that 
consume them [25].  
Humans receive inadvertent exposure to ECs primarily through drinking water [27]. The 
United States Environmental Protection Agency (EPA) compiles a list of frequently 
detected ECs and investigates at least five of these ECs every five years to determine if 
they should be regulated [12]. Currently, no health impacts have been confirmed in 
humans from consuming water with low levels of ECs [12]. However, there is concern 
for health effects associated with consuming water with ECs for an extended period of 
time.   
2.2 Recalcitrant Emerging Contaminants  
Ozone (O3) recalcitrant ECs are consistently increasing in WWTPs and may not be fully 
removed with conventional treatment. Some tend to be resistant to oxidative treatment as 
well. Three such O3-recalcitrant ECs were chosen for this study due to their appearance 
in WWTPs and their persistence in the environment. The characteristics of each EC are 
discussed below in detail, as well as the role they play in humans and the environment. 
Analyzing each ECs’ characteristics gives insight as to why current treatment methods 
are not removing them effectively and their potential to be treated via advanced 
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treatment. Investigating these recalcitrant ECs will help determine if catalytic ozonation 
or other AOPs are effective in removing the parent compound, as well as intermediates 
formed during the degradation process. 
2.2.1 Diclofenac 
Diclofenac (DCF) is a non-steroidal and anti-inflammatory drug used to relieve moderate 
pain and musculoskeletal complaints such as arthritis [27]. DCF is found in both 
wastewater and freshwater, particularly in aquifers, estuaries, and surface waters, with 
concentrations up to 1.3 𝜇𝜇g/L [3], [27]. The removal of DCF can be as low as 3% in some 
WWTPs, depending on the plant’s operating conditions [9]. DCF is not likely to cause 
acute toxic effects in humans, but studies show it can have potential chronic effects in 
several animals. For instance, it is commonly found in marine waters with concentrations 
below 1 μg/L, and it can affect tissue growth, livers, kidneys and gills amongst fish at 
low doses [28]. This can be threatening to other animals that eat fish, as well as to other 
aquatic species [28].  
DCF is available in the form of capsules, tablets, and powders and is one of the most 
widely available drugs in the world [29]. When consumed orally, less than 1% of it is 
excreted as unmetabolized DCF [30]. 11% of DCF excreted is conjugated, meaning the 
stability of the molecule increases which makes it harder to remove [30]. DCF has a 
water solubility of 23.73 mg/L and a low octanol-water coefficient, meaning it does not 
absorb readily to surfaces [13], [27]. Figure 1 shows the metabolic pathway of DCF in a 
human body [30].  4’-OH-DCF and 5-OH-DCF are the two main human metabolites of 
DCF and have been detected in the environment at concentrations of 0.3 and 1.8 ug/l, 
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respectively [30]. Other common intermediates of DCF are oxalic acid, acetic acid, and 
formic acid, which are very resistant to oxidation by O3 [15]. 
 
Figure 1: Metabolic pathway of diclofenac in the human body [28]  
Typically, the removal of DCF with conventional treatment processes has not been very 
effective. Nanofiltration and reverse osmosis processes were explored, but biofouling and 
disposal of retentate caused multiple issues [29]. In addition, different advanced 
oxidation processes have been evaluated for the degradation of DCF [27]. The 
combination of hydrogen peroxide and O3, as well as hydrogen peroxide and UV 
treatment have both been explored [29]. These studies were effective in partially 
removing DCF, but did not fully degrade DCF or its byproducts [29], [31]. Some studies 
using UV and metal oxides showed an 80% removal in DCF when combining UV 
processes with O3 and a catalyst, as opposed to only 47% with UV and O3 [32] . In 
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addition, treating some of DCF’s intermediates with O3, UV and a catalyst resulted in a 
lower concentration than intermediates treated with only O3 [32].  
2.2.2 Atrazine 
Atrazine (ATZ) is an herbicide used to fight weeds and has received a lot of attention in 
the past years due to its increased appearance and persistence in the environment [33]. It 
is one of the most commonly detected pesticides in the United States, Canada and Spain 
in both surface water and groundwater [33]. ATZ has a low solubility and can make its 
way into groundwater tables, potentially affecting nearby wells and agriculture sources 
[16]. It primarily enters the environment through agricultural practices and is also 
discharged through manufacturing and transport processes [16]. Several studies indicate 
that ATZ can act as an endocrine disruptor that can harm amphibians [16], [26], [33]. In 
addition, exceeding the maximum contaminant limit (MCL) of 3 ug/L can lead to 
cardiovascular damage, decrease in blood pressure and cancer in humans due to chronic 
exposure [16]. 
Figure 2 shows the byproducts formed during ATZ’s degradation. Isopropryl groups in a 
few of these byproducts have low reactivity with O3, making them hard to remove [26], 
[34]. In addition, 1,3,5-triazine is a common byproduct of ATZ that is also very resistant 
to O3 [34]. For this reason, •OH generated via AOPs may result in greater degradation.  
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Figure 2: Byproducts of atrazine due to degradation via catalytic ozonation [14] 
Traditional filtration methods, such as sand filters and granular activated carbon,  have 
been used in attempt to remove ATZ; however, they have not been effective due to 
ATZ’s low sorption capability [16], [26]. Catalytic ozonation has also been tested to 
remove ATZ, but some studies showed an production of toxic byproducts [34], [35]. 
Restivo et al studied the catalytic ozonation of ATZ with carbon nanofibers and 
discovered multiple byproducts that were more toxic than ATZ [35]. The type of catalyst 
used in catalytic ozonation, as well as the way they are prepared, affect the degradation 
pathways and toxicity.  
2.2.3 Carbamazepine  
Carbamazepine (CBZ) is an antiepileptic drug used to control seizures, relieve neuralgia, 
 
and treat multiple mental disorders [36]. Approximately 72% of CBZ is absorbed by the 
body when consumed orally and the remaining 28% is discharged through feces [36]. It 
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has appeared in WWTPs in the United States, Japan, and South Korea with 
concentrations up to 6,300 ng/L [36]. CBZ can be extremely resistant to biodegradation, 
even at low concentrations. The removal of CBZ in some WWTPs with conventional 
treatment can range from 0-53% [36].    
The breakdown of CBZ, shown in Figure 3, produces multiple byproducts that can also 
become ECs themselves. Some of the metabolites present in urine after CBZ is excreted 
are 10,11-dihydro-10, 11-expoxycarbamazepine, trans-10 (CBZ-epoxide), and 11-
dihydro-10,11-dihydroxycarbamazepine (CBZ-diol). CBZ-diol is the most prevalent 
byproduct of CBZ also found in high concentrations in wastewater effluent and surface 
water. Some WWTPs have recorded the concentration of CBZ-diol to be three times that 
of CBZ. CBZ and CBZ-diol can disturb normal growth and development of fish and 
cause long term effects in the aquatic environment [36].  
12 
 
 
 
Figure 3: Metabolic degradation of carbamazepine and its derivatives [37] 
 
Multiple methods have been explored to remove CBZ from waste streams. Some studies 
have explored using biosynthesized hematite nanoparticles; however, this method only 
changed CBZ’s form and did not remove the contaminant [38]. Another method explored 
was using gamma irradiation in combination with microbiological treatment. This 
method was effective at reducing CBZ and total organic carbon; however, the 
degradation process lasted over 250 hours which is not ideal [38]. Other advanced 
oxidation processes using radiation-induced activation of peroxymonosulfate struggled 
with removing CBZ and several of its intermediates [38].  
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2.2.4 Total Organic Carbon  
Total organic carbon (TOC) can be any compound containing carbon atoms, except 
 
carbon dioxide and carbonate species [14]. Organic matter from wastewater consists of a 
wide range of molecules with varied structure and different molecular weights [39]. 
Organic carbon, settleable organic carbon, and colloidal organic carbon are among the 
majority of compounds that comprise organic matter [39]. TOC is a key source of energy 
in aquatic ecosystems and plays a major role in assessing water quality and chemistry 
[14], [40]. Receiving water quality can decrease if these organic compounds are not 
removed during wastewater treatment [39].  
TOC is also an important metric to determine presence of ECs in wastewater.  Since 
breakdown of ECs can follow many pathways, as discussed above, determination of 
specific ECs and their breakdown products can be prohibitively challenging from an 
analytical perspective.  However, TOC measurements can be used to determine the 
combined removal of ECs and their breakdown products [26]. Instead of investigating 
breakdown products individually, TOC provides insight on all byproducts removed 
during the ozonation process. In a study conducted by Fan et al, TOC was measured and 
compared to the concentration of ATZ and its breakdown products. Breakdown products 
were found to make up a large portion of TOC measured during different reactions [34]. 
Evaluating TOC removal in multiple advanced oxidation processes provides another way 
to assess the effectiveness of each process.  
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2.3 Advanced Oxidation Processes  
Multiple methods have been used to remove recalcitrant ECs in water, such as 
adsorption, membrane separation and biodegradation [41]. However, due to the high 
reactivity of •OH, AOPs have been found to be the most effective methods for removing 
recalcitrant ECs [41].  
Advanced oxidation processes (AOPs) are chemical processes that form hydroxyl 
radicals (•OH) to oxidize recalcitrant compounds and chemically degrade them, as 
opposed to removing them physically as in filtration or membrane treatment [26], [23]. 
(•OH) is a much stronger and less specific oxidant which oxides most organic substrates 
in water and wastewater, including O3-resistant ECs [20], [42]. AOPs are commonly used 
for treating ECs including endocrine disrupting chemical pharmaceuticals, organic 
micropollutants from pesticides and herbicides, industrial effluent and biological sludge 
and other compounds that do not respond to conventional treatment [20], [23].  
2.3.1 Ozone and Hydroxyl Radical Formation  
In many parts of the world, O3 has been used to disinfect water for several decades. At 
20°C, O3 has an oxidation potential of 2.07 volts, making it capable of oxidizing most 
organic and inorganic compounds [43]. Although effective in removing many organic 
and inorganic compounds, O3 cannot fully degrade several ECs or their O3 refractory 
intermediates formed during the process because many do not react with O3  [34].   
O3 is a selective oxidant that operates by two different mechanisms: direct electrophilic 
attack and indirect attack [18]. Direct electrophilic attack operates through molecular O3, 
and indirect attack operates through •OH formation [18]. These reactions occur 
simultaneously and can vary for different processes, contaminants, or environmental 
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conditions. Certain ECs are more reactive with O3 than •OH, or vice versa, which gives 
insight to the determining mechanism [16]. Additionally, pH is an important factor in 
determining the dominant mechanism. Direct ozonation dominates at low pH and indirect 
pathway dominates at high pH [18]. Extreme conditions in pH, such as in concentrated 
streams, can alter the O3 and •OH reaction mechanisms. 
O3 decomposes and forms •OH through multiple steps. The Staeherlin, Buhler and 
Hoigne (SBH) and Tomiyasu, Fokutomi and Gordon (TFG) models explain the 
breakdown of O3, as seen below [44]. Both models show the decomposition of O3 as 
chain reactions producing •OH.  The SBH model shows how •OH is generated at a 
neutral pH, while the TFG model describes the process at a high pH [18].Since most 
water and wastewater treatment tends to occur close to neutral pH, the SBH model is the 
guiding model for understanding O3 breakdown in this study. 
SBH Model:  O3 + OH- → O2 + HO2- 
O2- + O3 → O3- + O2- 
O3 - + H+ → HO3 
HO3 → •OH + O2 
TFG Model: O3 + OH- → O2 + HO2 
HO2- + O3→ O3- + HO2 
 O2- + O3 → O3- + O2 
O3 - + H2O → •OH + O2 + OH- 
Although •OH is a transient product produced naturally in water, it is not produced in 
sufficient quantities to be used for treatment. Advanced AOPs have been developed to 
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increase production of •OH.  Two current O3-based AOPs include UV/O3 and H2O2/O3, 
which will be discussed in the following section. 
2.3.2 UV/O3 and H2O2/O3  
Photolysis with ultraviolet (UV) radiation and hydrogen peroxide (H2O2) are common 
methods of disinfection in drinking water and WWTPs. They can be used in combination 
or separately with O3 to promote the generation of •OH to degrade ECs.  
Combining UV with O3 enhances organic degradation through direct and indirect 
production of •OH [18]. As the following reaction shows, photolysis decomposes O3 into 
O2 and oxygen atom O(1D) [18]. O(1D) further reacts with water to form H2O2, which 
breaks down into •OH [18].  
O3 + hν O2 + O(1D) 
O(1D) + H2O  H2O2 
H2O2  2•OH 
 
Combining H2O2 with O3 initiates a reaction series that results in increased •OH 
production in water [45].  As the following reaction shows, H2O2 in water naturally 
decomposes into species that react readily with O3 to form •OH.  
O3+ OH-  HO2- + O2 
H2O2  HO2- + H+ 
HO2- + O3  HO2 • +  O3 • 
O2- + O3  O2 +  O3- • 
O3- + H+  HO3 •  HO• + O2 
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A non-O3 based AOP currently in use is ultraviolet photolysis with H2O2 (UV/H2O2). 
•OH are produced by the reaction shown below [18]: 
H2O2 + hν  2 •OH 
Higher H2O2 concentrations only enhances the oxidation process to a certain point. Once 
that limit is reached, H2O2 begins to inhibit photolytic degradation [18].   
•OH + H2O2 H2O +HO2· 
•OH + HO2- HO2·+ OH- 
Although both UV/O3 and H2O2/O3 are effective in removing certain ECs; not all ECs or 
their byproducts are removed completely [46]. Additionally, these AOP methods are 
quite energy and cost intensive.  These AOPs have also been combined with other 
catalysts to improve degradation. Introducing metal oxides or other carbon materials can 
increase the production of •OH and potentially completely degrade ECs and their 
byproducts.  
2.3.3 Catalytic Ozonation  
Catalytic ozonation combines O3 and a catalyst to initiate a series of reactions that result 
in •OH production in the bulk solution [41], [47]. As a surface mediated reaction, 
effective ozonation catalysts typically have a high surface area and stability in an 
oxidizing environment [38]. Both carbon materials and metal oxides have been studied 
for their potential as ozonation catalysts. These catalysts have also shown promising 
results in combination with ultraviolet photolysis with hydrogen peroxide (UV/H2O2) and 
photolytic ozonation (UV/O3) [18]. 
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Previous studies have examined carbon-based materials like multiwalled-carbon 
nanotubes (MWCNTs) and granular activated carbon (GAC), and multiple metal oxides 
as potential ozonation catalysts [17].  
2.3.3.1  Carbon Materials  
Multiple studies have been conducted to examine the effects of carbon materials and O3 
on •OH production. Studies show that activated carbon or carbon black serve as initiators 
for radical chain reactions in O3 degradation, which increases the speed at which •OH are 
generated [34]. These carbon materials may also be also favorable options for •OH 
production via ozonation because of their low cost and current prevalence in water 
treatment operations [17].  However, one limitation to using carbon materials for catalytic 
ozonation is their stability over time. Studies have shown some carbon materials such as 
GAC decrease in efficiency and integrity over time during ozonation, making them less 
favorable than other catalysts  [16], [17]. 
2.3.3.2 Multi-Walled Carbon Nanotubes  
Nanostructured carbon materials, such as nanotubes and nanofibers, are alternate forms 
of carbon that can be incorporated into the ozonation process [29]. Multi-walled carbon 
nanotubes (MWCNTs) are comprised of two or more graphene sheets formed into a tube, 
with nanoscale dimensions [8]. MWCNTs have been studied as an alternative to granular 
activated carbon (GAC) due to their high specific area, mechanical stability, and compact 
structure [16], [17].  MCWNTs’ durability and structure suggest they are effective •OH 
producers over repeated exposure. In addition, functionalizing CNTs with nitric acid 
before use with O3 increases •OH production due to the surface chemistry modification to 
the CNTs [17], and improves the degradation of several substances compared to 
ozonation alone [16], [26]. 
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Although MWCNT/O3 research is fairly new, studies have shown it to be effective and 
comparable to other AOPs. An experiment performed by Schöner et al explored the 
options of combining MWCNTs with other AOPs, such as fenton reaction and UV 
supported reaction [43]. These experiments showed that reactions with O3 produced the 
highest amounts of oxygen containing groups and showed the lowest contaminant 
degradation rate of all the oxidants [43]. In a study performed by Oulton, the efficacy of 
O3/MCWNTs AOP was compared to O3/GAC and O3/H2O2 [16], [17]. Oxidized 
MCWNTs produced •OH to the same extent as O3/ H2O2 and surpassed GAC [17].  
2.3.3.3 Metal Oxides  
Transition metal oxides, such as magnesium oxides (MnOx), titanium dioxide (TiO2), and 
iron oxides (FeOOH), are common catalysts used in combination with O3 [48]. Their 
structure enhances electron transfer between the catalyst and the compound and lowers 
the activation energy of catalytic ozonation [48]. Metal oxides are often combined with 
porous minerals, such as activated carbon or silicas, to improve the mechanical strength 
and stability of transition metal oxides [48].  
In a study performed by Gao et al, iron silicate-loaded pumice was used in addition to O3 
to understand the effects of its diclofenac removal capacity [34]. The study showed that 
the addition of pumice resulted in an increase in O3 decomposition and a corresponding 
increase in •OH formation and O3-refractory carboxylic acids [34]. Other studies 
performed by Li et al and Chen et al explored the mesoporous silicates Mobil 
Composition Matter No. 41 and 48 (MCM-41/MCM-48), with iron and O3 to determine 
its effect of DCF and TOC removal [47], [49]. Both studies found that using the 
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mesoporous silicates as catalysts during ozonation significantly improved DCF and TOC 
removal compared to single ozonation or other mesoporous silicates.  
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Chapter 3 
CASE STUDY SUMMARIES  
A series of laboratory studies were reviewed to understand the effects of combining 
different metal or carbon catalysts with ozonation, as well as the effects of other ozone-
based AOPs, on degradation of three representative ECs: DCF, ATZ, and CBZ.  In 
attempt to create a representative study of the three ECs and O3-based AOPs, the main 
study characteristics observed were the type of reactor the experiments took place in, the 
type of data collected, the duration of experiments, pH, and catalyst 
preparation/pretreatment. The main journals used to find these studies were The 
Chemical Engineering Journal, Ozone: Science and Engineering, Environmental Science, 
and Pollution Research. The keywords used were “ozone”, “catalytic ozonation” as well 
as the three ECs, “diclofenac”, “atrazine”, “and “carbamazepine.”  Additionally, previous 
graduate student’s theses were included in the review. The review period included studies 
from 2008 to 2020.  
The following studies were reviewed to provide insight on the performance of different 
O3-based AOPs on EC and TOC removal. It is important to understand the methodology 
conducted in each study in order to appropriately compare results.  
3.1 Gao et al, 2017  
Gao et al analyzed the catalytic ozonation of DCF by using pumice treated with iron (III) 
nitrate [41]. Experiments were conducted to compare pumice (PMC) and iron silicate-
loaded pumice (FSO/PMC) with O3 to observe the effect of iron on DCF removal. 
Crushed, raw PMC was treated with 2 M nitric acid prior to use in order to remove 
impurities on the PMC’s surface. After two hours, the PMC was washed to remove 
excess acid and dried at 80°C for 16 hours. After drying, the solid was stored for later 
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use. FSO/PMC was prepared by combining 1 M sodium silicate, 2 M nitric acid, 1 M iron 
(III) nitrate, and 20 g of pretreated pumice. After continuously stirring for 30 minutes, 
2M ammonium hydroxide was added to polymerize the solution. The pH was adjusted to 
8-9 and then the solution was incubated for 24 hours at 60°C. The precipitate formed 
were sieved and washed, and the solid formed was dried for 24 hours at 80 °C and stored 
prior to use.  
O3 with a consistent concentration of 115 𝜇𝜇M was continuously bubbled into 500 mL of 
29.6 mg/L diclofenac solution with 400 mg of the respective catalyst. The initial pH of 
the solution was 7. Samples were withdrawn at specific time intervals and quenched with 
a 0.1 M Na2SO3 solution to end the reaction. Each sample was filtered with a 0.45 𝜇𝜇M 
polytetrafluroethylene (PTFE) membrane prior to analysis. Analysis was conducted using 
high performance liquid chromatography (HPLC).  
3.2 Li et al, 2018 
Li et al studied the catalytic ozonation of DCF by using the mesoporous silicates MCM-
48 and Fe-MCM-4 [47].  Both silicates were prepared using a hydrothermal method. 
MCM-48 was prepared by combining 5 mL 6.73 M sodium hydroxide, 15.9 g 
cetrimonium bromide, 15mL tetraethyl orthosilicate, and deionized water. This mixture 
was continuously stirred at 40 °C for 90 minutes and crystalized in a Teflon-lined 
autoclave for three days. After three days, the solution was filtered, washed, and dried at 
823 K for six hours to form a solid. Fe-MCM-48 was prepared in a similar method, but 
also included 5mL 0.084 M ferric nitrate solution.  
O3 was continuously bubbled into the solution at a constant temperature of 25 °C. The 
average consistent concentration of O3 for experiments using Fe-MCM-48 was 42 𝜇𝜇M. 
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The O3 concentration for the rest of the experiments was 64 𝜇𝜇M. 180 mg of the respective 
catalyst was added to 1.2 L of a 15 mg/L DCF solution. The initial pH of the solution was 
7. Samples were taken at regular intervals and then filtered. It is important to note these 
samples were not quenched with a Na2SO3 solution prior to HPLC analysis.  
3.3 Beltran et al, 2009  
Beltran et al studied the catalytic ozonation of DCF while using three types of 
commercially-available activated carbon: Darco, GMI2000, and P110 Hydraffin. The 
goal of the study was to analyze the synergistic effect of O3 and activated carbon, as well 
as observe the reaction mechanisms during the process. 250 mL of 30 mg/L DCF and 5 g 
of the respective activated carbon source were added the reactor. The initial pH of the 
solution was 7. O3 was continuously bubbled with a concentration of 417 𝜇𝜇𝜇𝜇. Samples 
were drawn at multiple times and filtered using 0.45 𝜇𝜇M Millipore filters before analysis. 
Analysis was conducted via HPLC. 
3.4 Moreira et al, 2015   
Moreira et al’s study focused on the removal of DCF using ozonation, photolysis, 
photolytic ozonation, photocatalysis, and photocatalytic ozonation [32]. Titanium dioxide 
(TiO2) was used as a catalyst in this study. All experiments were performed in a reactor 
using 250 mL of 32 mg/L DCF aqueous solution or wastewater from the secondary 
treatment of a WWTP. Wastewater samples were spiked with 32 mg/L DCF. The initial 
pH of the solutions was 7. O3 was continuously injected in the lab-scale reactor at a 
constant rate with a concentration of 103 𝜇𝜇M. Photolysis, photolytic ozonation and 
photocatalytic ozonation trials used a Heraeus TQ 150 medium-pressure mercury vapor 
lamp. Photocatalytic experiments used 500 mg/L TiO2.The reaction media was 
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continuously stirred. Samples were taken from the reactor and centrifuged before 
analysis. Samples were analyzed by HPLC.  
3.5 Garcia- Araya et al, 2010  
Garcia-Araya et al analyzed the removal of DCF by O3 and photolytic TiO2 catalysed 
processes [46]. Experiments were carried out in a cylindrical borosilicate glass photo-
reactor. 900 mL of 31.2 mg/L DCF was added to the reactor. Some experiments were 
carried out using the DCF solution with 1 mM t-butanol (t-BuOH). Additionally, 
experiments tested DCF solutions with pH of 5, 7 and 9. O3 was continuously bubbled 
into the reactor through a micro-diffuser with a constant concentration of 208 𝜇𝜇M. 
Photolytic experiments were conducted with 1500 mg/L TiO2, and the reactor was with 
the DCF solution was irradiated with a high-pressure mercury vapor lamp. Samples were 
drawn at consistent intervals and filtered with 0.45 𝜇𝜇M Millex-HA filters. Experiments 
conducted with TiO2 were centrifuged before filtration. Analysis was conducted via 
HPLC. 
3.6 Fan et al, 2014 
Fan et al studied the catalytic ozonation of ATZ using MWCNTs [34]. Different 
parameters, including MWCNT concentration, pH, and temperature were analyzed. Four 
systems were designed in order to distinguish oxidation by •OH from O3. System I only 
introduced O3 into the reactor. System II introduced MWCNTs to enhance the amount of 
•OH produced. System III only analyzed the role of O3 on ATZ degradation by 
introducing t-BuOH during ozonation. System IV incorporated ozonation, MWCNTs, 
and t-BuOH. A semi-batch stirred tank reactor was used to conduct trials. O3 was 
continually introduced at a concentration of 180 𝜇𝜇M through a glass diffuser. 
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Experiments using the catalyst added 50-250 mg of MWCNTs to 700 mL of 10 mg/L 
ATZ mixture. MWCNTs were not functionalized before testing.  All other experiments 
were conducted using 800 mL of 10 mg/L ATZ solution. System III and IV used 1 mg/L 
t-BuOH. The initial pH of the solution was 5.25. The mixture was continuously stirred 
and samples were drawn at multiple times. Samples were analyzed via HPLC.  
3.7 Miller et al, 2019 
Miller's study focused on the catalytic ozonation of ATZ using MWCNTs. Control 
experiments allowed analysis of the effect of direct ozonation, sorption and other 
experimental factors on ATZ removal. A constant O3 concentration of 250 𝜇𝜇M was used 
for trials in a semi-batch reactor. O3 was continuously bubbled into a chilled Erlenmeyer 
flask containing phosphate buffer with pH 7. Once O3 reached a constant concentration, 
10 mg/L ATZ, 5 mM tert-butanol, and 1 mL of 1 g/L MWCNTs were added and samples 
were drawn at multiple intervals. ATZ was dissolved in methanol to improve its 
solubility. Samples were transferred to vials with 25 𝜇𝜇L of 50 mg/L sodium sulfite 
solution and were filtered through a 2 𝜇𝜇m nylon filter prior to analysis. All samples were 
analyzed by an HPLC.    
3.8 Guzman-Perez et al, 2011  
The study conducted by Guzman-Perez et al analyzed the catalytic ozonation of ATZ 
with activated carbon. Radical scavengers, pH, and activated carbon dosage were all 
analyzed in the experiment. Extruded peat-based and bituminous coal-based activated 
carbon were used as catalysts for this experiment. Both catalysts were not treated prior to 
trials. Experiments were run in a semi-batch system where O3 was continuously fed into 
the system until the concentration reached 104 𝜇𝜇M. 270 mL of 30 mg/L ATZ was added 
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to the system, in addition to the respective catalyst. Experiments were conducted at pH 3, 
5, and 7 to analyze the effect on reaction kinetics and overall ATZ removal. Samples 
were quenched with 0.05 M sodium sulfite solution and filtered through a 0.45 𝜇𝜇m 
cellulose nitrate membrane prior to analysis. Samples were analyzed with an HPLC.  
3.9 Cochran et al, 2018  
Cochran’s study focused on the effect of MWCNTs/O3 on caffeine, ATZ, and phenytoin. 
The contaminants were studied separately and in combination to analyze the effect of 
competition on overall removal. Experiments were conducted in a batch reactor with 680 
mg/L phosphate buffer with pH 7. 10 mg/L each respective contaminant as well as a 0.32 
mM solution of tert-butanol were added to the phosphate buffer. The concentration of 
CNTS was 10 mg/L. The reaction was initiated by adding an aliquot of dissolved O3 
solution to achieve an initial dissolved O3 concentration of between 220 𝜇𝜇M and 250 𝜇𝜇M.  
Samples were extracted periodically over a 300 second period, quenched with a 20 mg/L 
sodium sulfite solution, and filtered with 0.22 𝜇𝜇m nylon filters prior to HPLC analysis 
[26].  
3.10 Rosal et al, 2008   
Rosal et al’s study focused on the catalytic ozonation of CBZ by using TiO2. A 
commercial Degussa P25 TiO2 catalyst was used in the semi-batch experiments in order 
to analyze TOC removal, as well as the formation of reaction intermediates. Reactions 
were carried out in a 1 L glass jacked reactor where O3 was continuously bubbled though 
at a concentration of 82 𝜇𝜇M throughout all experiments. The initial concentration of CBZ 
was 15 mg/L. Experiments were conducted at pH 3-7. The concentration of TiO2 in 
experiments was 1000 mg/L. The duration of each trial was 120 minutes. Samples were 
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drawn at given time intervals and quenched with a sodium thiosulfate solution. Runs 
containing catalyst were filtered prior to HPLC analysis.  
3.11 Aguilar et al, 2020   
Aguilar et al studied the catalytic ozonation of CBZ with nickel oxide (NiO). The study 
analyzed degradation efficiencies, rate, and TOC removal. NiO concentrations varied 
from 300 mg/L and 500 mg/L. NiO was dried in a furnace for 1 hour at 100 °C before 
each use. Experiments were conducted in a bubble column with 400 mL of 20 mg/L 
CBZ. O3 with a constant concentration of 115 𝜇𝜇M was injected through a static ceramic 
diffuser into the bubble column. In addition, 200 mg/L tert-butyl alcohol (TBA) was 
added to the reactor. The initial pH of the solution was 3.4. Samples were collected at 
given time intervals for a total of 5 minutes and filtered prior to analysis. Analysis was 
conducted via HPLC.  
3.12 Saeid et al, 2020  
Saeid et al analyzed multiple metal oxides to determine their efficiency in removing CBZ 
when combined with O3. H-Y-12, MCM-31 and H-Beta were the primary mesoporous 
silicates modified with different transition metals through different methods. In-situ (IS) 
synthesis and evaporation impregnation (EIM) were the two methods used to prepare the 
catalysts. The catalysts used in these experiments were Pd-He-Beta-300-EIM, Pt-MCM-
41-IS, Ru-MCM-41-IS, Ru-MCM-41-IS, Pd-H-Y-12-EIM, Pt-H-Y-12-EIM, and Cu-
MCM-41-A-EIM. All experiments were conducted using 500 mg/L of each catalyst and a 
constant O3 concentration of 437 𝜇𝜇M. CBZ was dissolved in methanol and the initial 
concentration was 35 mg/L. Trials were run for 14 minutes and samples were extracted 
every 2 minutes. Analysis was conducted via HPLC. 
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3.13 Uslu et al, 2012  
Uslu et al studied the effect of the H2O2/O3 AOP on DCF, ATZ, and CBZ degradation in 
a pilot facility [50]. Water from the Lake Huron was spiked with DCF, CBZ, ATZ and 
other ECs and treated with the AOP followed by coagulation, sedimentation and 
filtration. The pilot treatment facility consists of 2 trains with identical coagulation, 
flocculation, and dual media filtration units. Each train in the plant is operated at 6.2 
L/min, totaling 12.4 L/min for the whole plant. Train 1 did not include H2O2/O3 AOP and 
only treated the water with conventional treatment. Train 2 incorporated the H2O2/O3 unit 
before coagulation and followed with conventional treatment. The unit consisted of 2 
glass columns connected in series with 40 L capacity. O3 was added to the first column 
where mixing took place and the second column was used as the reactor. O3 was added at 
a dose of 2-2.3 mg/L and H2O2 was added at a concentration of 0.2 mg/L. Solid phase 
extractions followed by liquid chromatograph/tandem mass spectrometry was used to 
analyze samples.  
3.14 Kim et al, 2010  
Kim et al investigated the effectiveness of H2O2/O3, UV/O3, and O3 only on DCF and 
CBZ removal in secondary effluent from a WWTP [51]. Three reactors, R1, R2, and R3, 
were connected in series and each provided a contact time of 5 minutes. Secondary 
effluent was filtered through a sand filter before treatment. The initial pH of water tested 
was 6.6. UV254 ranged from 0.0628 to 0.0648/cm. O3 was continuously injected at 125 
𝜇𝜇M. The initial concentration of H2O2 was 95 𝜇𝜇M. The initial pH of water samples tested 
was 6.6. Samples were purged with N2 gas to remove residual O3 and end the O3 reaction. 
Analysis was performed via liquid chromatography-mass spectrometry.   
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3.15 Bourgin et al 2017  
Bourgin et al studied the effect of conventional ozonation and H2O2/O3 on DCF, ATZ, 
and CBZ degradation in surface water [52]. Water from Lake Zürich was continuously 
fed into a pilot plant. The water was fed through a membrane-filter prior to ozonation. A 
stock solution was prepared by dissolving the contaminants to a concentration of 1 mg/L 
in ultrapure water overnight. The pH was adjusted to 7 and heated to 40 °C. This solution 
was added until the inlet concentration reached 1 ug/L for each EC. The H2O2/O3 AOP 
was implemented into two types of reactors.  
The chamber reactor consisted of 4 chambers with a total volume of 2.2 m3. Water 
entered the system and 10% of it was diverted to a side stream, where O3 was injected. 
Water then went through a static mixer and the O3 enriched stream was incorporated into 
the rest of the water where the concentration of O3 was 10 - 62.5 𝜇𝜇M. The tubular reactor 
is the second O3 reactor in the system. It consisted of a pipe and a degassing chamber. O3 
enriched gas was injected in the main stream and achieved an O3 concentration of 15-88 
𝜇𝜇M. Samples were analyzed via HPLC.  
3.16 Borikar et al, 2015  
In Borikar et Al’s study,  O3/H2O2 and UV/ H2O2, were studied to analyze their efficacy 
in removing multiple ECs including DCF, ATZ and CBZ. O3 dose, UV dose, H2O2 dose, 
and organics concentration were varied to determine their effect on removal efficiency. 
The tests in this study were conducted on three different bodies of water. Lake Huron was 
used as Site A, a smaller lake was used for Site B, and Site C analyzed a sample of poor 
quality groundwater under direct influence of surface water.  
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Experiments were conducted using 2 treatment trains, each designed to treat 18.9 L/min. 
Each treatment train consisted of rapid mixing, mechanical flocculation, plate settlers and 
two filter columns. The O3/H2O2 system was incorporated into Train 2 and was able to 
treat 8 L/min. Water was pumped into the O3 system and the flowed by gravity. H2O2 was 
injected after ozonation. The UV/H2O2 system included a Trojan UVSwiftSC, pilot plant 
backwash and treated water reservoir. Samples were analyzed by solid phase extraction, 
followed by liquid chromatography/ tandem mass spectrometry.  
3.17 Chen et al, 2016  
Chen et al studied the catalytic ozonation of DCF with Fe-MCM-41 [49]. DCF 
mineralization was the focus of the experiment, therefore only total organic carbon data 
was collected. MCM-41 was prepared via hydrothermal method with Na2SiO3 •9H2O and 
cetyltrimethylammonium (CTAB). 0.1 M Na2SiO3 •9H2O was dissolved in deionized 
water and continuously stirred. After 30 minutes, 7.28 g CTAB was dissolved in water 
and added to the Na2SiO3 •9H2O solution in order to make a gel. Ferric acid was added 
and then the solution’s pH was adjusted to 11 with H2SO4. After complete mixing, the gel 
was autoclaved at 145 °C for 48 hours. After cooling, the sample was filtered and dried.  
O3 was continuously bubbled in a cylinder reactor through a porous glass plate at a 
concentration of 420 𝜇𝜇M. The initial concentration of DCF in the aqueous solution was 
20 mg/L.  After samples were drawn, excess O3 was absorbed by a Na2S2O3 solution. 
Samples were then filtered through a 0.45 𝜇𝜇m filter prefilter prior to HPLC analysis [49].  
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Chapter 4 
RESULTS AND DISCUSSION  
The goals of this study were to compare the efficacy of catalytic ozonation using carbon 
materials (CNTs or AC) or various metal oxides, to other AOPs for treatment of O3-
recalcitrant contaminants. Specific contaminants included diclofenac, atrazine and 
carbamazepine.  
Treatment efficacy was analyzed by comparing Rct’ values and effective first order 
reaction rate constants. Additionally, TOC removal was analyzed for each AOP treating 
diclofenac and carbamazepine which allowed consideration of treatment efficacy not only 
against the target EC but the reaction intermediates as well.  
4.1 Efficacy of Advanced Oxidation Processes  
The efficacy of any AOP is dependent on the generation of reactive free radicals, 
specifically •OH [26]. One common metric for comparing the efficacy of different O3-
based AOPs are Rct values [17]. The concept of Rct was developed by Elowitz and von 
Gunten; the Rct compares the total exposure of •OH to the total O3 exposure, as shown in 
Equation 4-1:  
                                                          𝑅𝑅𝑐𝑐𝑐𝑐 = ∫[∙𝑂𝑂𝑂𝑂]𝑑𝑑𝑐𝑐∫[𝑂𝑂3]𝑑𝑑𝑐𝑐                      Equation 4-1 
Rct is typically calculated by comparing degradation of the •OH probe pCBA compared to 
O3 concentration in solution, as shown in Equation 4-2 [16]: 
                                                         𝑅𝑅𝑐𝑐𝑐𝑐 = −𝑙𝑙𝑙𝑙� [𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝][𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝]𝑜𝑜�∫[𝑂𝑂3]𝑑𝑑𝑐𝑐                     Equation 4-2 
 
32 
 
A similar concept of efficiency, Rct’ was utilized to express the efficiency of O3-based 
AOP processes in this review. Rct’ expresses the degradation of the EC compared to the 
total O3 exposure, as calculated by Equation 4-3: 
                                                              𝑅𝑅𝑐𝑐𝑐𝑐′ = −𝑙𝑙𝑙𝑙� [𝑝𝑝][𝑝𝑝]𝑜𝑜�∫[𝑂𝑂3]𝑑𝑑𝑐𝑐                 Equation 4-3 
Rct’ can be thought of as an indication of the efficiency of an O3-based AOP at degrading 
the contaminant of concern.  A higher Rct’ value indicates greater degradation per degree 
of O3 exposure.  
In addition to analyzing Rct’ values, quantifying the reaction kinetics in these O3-based 
AOPs is also helpful in assessing a relationship between ozonation treatment and 
contaminant degradation. Comparing the effective first-order rate constants and second-
order rate constants of analogous compounds identifies which reactant in the degradation 
process is responsible for the highest rate of degradation [29].  For instance, in a study 
conducted by Guzman-Perez et al, the reaction rate constant for ATZ with molecular O3 
(KO3) was 6.0 M-1s-1 and the reaction rate constant for ATZ with hydroxyl radicals (KOH) 
was 3.0 x 109 M-1s-1 [53]. This means ATZ is significantly more reactive with •OH than 
O3 [16]. In a study conducted by Beltrán et al, DCF’s KO3 and KOH were 2.0 x 109 M-1s-1 
and 5.0 x 109 M-1s-1, respectively [54]. This study suggests DCF is slightly more reactive 
toward •OH than O3. In complex systems containing multiple ECs, the contaminant with 
the larger KO3 will dominate demand of the oxidant,  reducing degradation of the other 
compounds compared to single-compound systems [26]. Therefore, the kinetics of ECs 
during degradation are important in order to understand the behavior in an actual 
wastewater stream.   
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Equation 4-4 represents the degradation of a contaminant exposed to O3. It is used to 
determine the second order reaction rate constant of the contaminant exposed to O3.  
                                                                  −𝑑𝑑𝑑𝑑
𝑑𝑑𝑐𝑐
= 𝐾𝐾𝑂𝑂3[𝐶𝐶][𝑂𝑂3]                                 Equation 4-4 
Where KO3 is the second order reaction rate constant and C is the concentration of the 
compound [16], [26].  
KO3, however, is not the only reaction constant used to describe the degradation of ECs. 
O3 reacts with ECs through both direct and indirect oxidation [16]. During O3-based AOP 
treatment, ECs also react with •OH.  Equation 4-5 expresses the degradation of 
compounds from simultaneous exposure to O3 and •OH:  
                                                             𝑑𝑑𝑑𝑑
𝑑𝑑𝑐𝑐
= 𝐾𝐾𝑂𝑂3[𝐶𝐶][𝑂𝑂3] + 𝐾𝐾∙𝑂𝑂𝑂𝑂[𝐶𝐶][• OH ]            Equation 4-5 
Where KO3 represents second order reaction rate associated with direct oxidation, K⋅OH 
represents the second order reaction associated with indirect oxidation, and C is the 
concentration of the EC. Note that in O3-based AOPs, the O3 concentration may change 
due to O3 reaction with the contaminant or O3 degradation into •OH.  For this reason, 
many of the O3-based AOP studies used a semi-batch system, constantly bubbling O3 to 
maintain a consistent O3 concentration for the duration of the experiment. 
While the degradation of an EC during O3-based treatment is in fact a complex series of 
simultaneous reactions, the degradation curves frequently show exponential decay.  To 
simplify analysis of contaminant degradation, a pseudo first order rate constant, defined 
as the effective first-order degradation rate (Ke) is used to represent the rate of 
degradation of the EC being studied.  This approximation simplifies analysis to the 
relationship shown in Equation 4-6:  
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                                                                            𝑑𝑑𝑑𝑑
𝑑𝑑𝑐𝑐
= 𝑘𝑘𝑒𝑒[𝐶𝐶]                                      Equation 4-6 
Both Rct’ and Ke were calculated using published data from the studies reviewed, to 
compare the efficacy of catalytic ozonation AOPs to traditional O3-based AOPs for 
degradation of diclofenac, atrazine, and carbamazepine. 
4.2 Diclofenac 
Multiple experiments evaluated the performance of metal oxide/O3 AOPs for DCF 
treatment.  The results from these experiments were compared to studies using the UV/O3 
and H2O2/O3 AOPs. In addition to analyzing Rct’ values and Ke, TOC removal was also 
analyzed for both types of AOPs.    
4.2.1 Degradation with Metal Oxides and O3 
Li et al’s study analyzed the effect of MCM-48 and Fe-MCM-48 in combination with O3 
on the degradation of DCF. As seen in Figure 4, Fe-MCM-48/O3 was most effective to 
degrade DCF in this experiment. After 5 minutes, 85% of DCF was degraded. MCM-
48/O3 degraded 82% of DCF in 5 minutes. Full degradation was achieved by Fe-MCM-
48/O3 and MCM-48/O3 in 10 minutes and 15 minutes, respectively. The addition of Fe 
increased the rate of DCF degradation.  
Similar to Li et al, Gao et al analyzed the effect of incorporating Fe with catalysts to 
degrade DCF. Fe-embedded pumice was chosen as a catalyst due to its rough surface 
which was hypothesized to provide more active sites to enhance catalytic activity. The 
FSO/PMC/O3 AOP showed an 80% removal of DCF after 2 minutes. PMC/O3 showed a 
60% removal after 2 minutes. Full degradation of DCF occurred after 6 minutes for 
FSO/PMC/O3 and 8 minutes for PMC/O3. Again, the Fe-catalyst improved DCF 
degradation. 
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Comparing Gao et al’s results to Li et al’s study, DCF treated with FSO/PMC/O3 resulted 
in a faster degradation than Fe-MCM-48/O3. This could be due to the higher catalyst 
loading and O3 concentration.  
 
Figure 4: Diclofenac Degradation as a Function of Time via Me/O3. Adapted from Li et 
al [47] and Gao et al [41]. All experiments were conducted in triplicate. Gao et al Initial 
Conditions: 115 𝜇𝜇M O3 in semi-batch reactor,15 mg/L DCF, 180 mg MCM-48/Fe-MCM-
48, pH 7. Li et al Initial Conditions: 42 𝜇𝜇M O3 in semi-batch reactor,15 mg/L DCF, 400 
mg PMC/FSO/PMC,pH 7. 
 
4.2.2 Degradation with Carbon and O3 
Beltran et al studied the removal of DCF with the GAC/O3 AOP. Although the study 
assessed multiple types of GAC, data was only available for P110 Hydraffin. P110 
Hydraffin significantly increased the rate of DCF removal when combined with O3, as 
shown in Figure 5. In 1 minute, 57% of DCF was removed compared to O3 only, where 
only 15% was removed in 1 minute. Complete degradation was achieved at 6 minutes by 
P110 Hydraffin/O3 and 10 minutes with only O3.  
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Figure 5: Diclofenac Degradation as a Function of Time via C/O3. Adapted from Beltran 
et al [54]. Initial conditions: 417 𝜇𝜇M O3 in semi-batch reactor, 30 mg/L DCF, 5 g P110 
Hydraffin, pH 7. 
 
4.2.3 Degradation with Photocatalytic Ozonation 
Moreira et al analyzed the effects of photolysis, photolytic ozonation, photocatalysis, and 
photocatalytic oxidation with TiO2 on DCF degradation. The data presented represents 
results from DCF aqueous solutions. As seen in Figure 6, ozonation only (O3), photolytic 
ozonation (UV/O3), and photocatalytic ozonation (UV/ TiO2/O3) degrade DCF faster than 
photocatalytic photolysis (UV) or photocatalysis (UV/TiO2). O3, UV/O3, and 
UV/TiO2/O3 all fully degrade DCF in 5 minutes, while UV and UV/TiO2 degrade DCF in 
15 minutes and 20 minutes, respectively. Moreira et al results were consistent with 
previous studies [55].   
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Figure 6: Diclofenac Degradation as a Function of Time via TiO2/UV/O3. Adapted from 
Moreira et al [32]. Initial Conditions: 105 𝜇𝜇M O3 in semi-batch reactor, 32 mg/L DCF, 
500 mg/L TiO2, pH 7. 
 
  
Figure 7: Diclofenac Degradation as a Function of Time via TiO2/UV/O3. Adapted from 
Garcia-Araya et al [46]. Initial conditions: 208 𝜇𝜇M O3 in semi-batch reactor, 31 mg/L 
DCF, 1500 mg/L TiO2, pH 7. 
0
0.2
0.4
0.6
0.8
1
1.2
0 5 10 15 20 25
[D
CF
/D
CF
o]
Time (minutes)
UV
UV/O3
UV/TiO2
UV/TiO2/O3
O3 Only
0
0.2
0.4
0.6
0.8
1
1.2
0 5 10 15 20 25 30 35
[D
CF
/D
CF
o]
 
TIme (minutes) 
UV/TiO2/O2 (Non-Buffered)
UV/TiO2/O3 (Non-Buffered)
UV/TiO2/O2 (Buffered)
UV/TiO2/O3 (Buffered)
UV/TiO2 (Non-Buffered)
38 
 
Garcia-Araya et al also studied different AOPs with TiO2 as a catalyst. However, Garcia 
Araya’s method differed from Moreira et al in the preparation of DCF solutions. Garcia-
Araya et al added 1mM t-butanol (t-BuOH) to DCF solutions and compared results to 
solutions without t-butanol. Solutions with t-BuOH were referred to as “buffered” in the 
Garcia-Araya study, and this terminology is maintained in the results shown below.  As 
seen in Figure 7, UV/TiO2/O3 with t-BuOH degraded DCF the fastest. 80% of DCF was 
removed in 2 minutes and 100% was removed after 5 minutes. UV/TiO2, on the other 
hand, was not as effective in removing DCF compared to photocatalytic ozonation. 47% 
of DCF was removed in the first 2 minutes and the concentration remained steady at 87% 
removal after 12 minutes. The solutions with t-BuOH both degraded DCF at a faster rate 
than non-buffered solutions. Overall, the results in Garcia-Araya’s study were relatively 
consistent with Moreira et al’s findings which found DCF to degrade best with 
photocatalytic ozonation as well.  
4.2.4 Degradation with H2O2/O3 
Many studies analyzed the effect of implementing a H2O2/O3 AOP in a pilot plant to 
understand the efficiency of the process outside of a lab scale.  Kim et al studied the 
effectiveness of H2O2/O3, UV/O3, and O3 on DCF removal. As seen in Figure 8, all 
methods studied were very effective in removing DCF. Reactor 1 (R1) and Reactor 2 
(R2) each provided 5 minutes of contact time, but DCF was completely removed in R1 
for O3 and H2O2/O3. Although DCF was not completely removed by the UV/O3 AOP, it 
removed 99% of DCF. Note that this removal occurred in R1; additional contact time in 
R2 did not increase DCF removal. Removal data for R3 was not available. 
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Figure 8: Diclofenac Degradation via H2O2/O3. Adapted from Kim et al [51]. Initial 
conditions: 125 𝜇𝜇M O3, 94 𝜇𝜇M H2O2, 0.0628-0.0648/cm UV254. 
 
  
Figure 9: Diclofenac Degradation via H2O2/O3. Adapted from Borikar et al [19].  
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Borikar et al studied the H2O2/O3 AOP in a pilot plant to observe the performance of 
various H202:O3 ratios when handling mixed streams. Figure 9 shows the removal of DCF 
in a pilot system where H2O2/O3 was implemented. All AOPs fully removed DCF from 
the streams, except for 3.9 mg/L O3 combined with 0.02 mg/L H2O2. Although this AOP 
did not fully remove DCF from the stream after treatment, it still removed 90% of DCF.  
Similar to Kim and Borikaret al’s study, Uslu et al implemented H2O2/O3 AOP in a pilot 
plant system to observe its effect on DCF removal. In addition to stand-alone treatment, 
the AOP was incorporated into Train 2, but not Train 1, to observe the removal of DCF in 
combination with conventional treatment. Figure 10 shows the removal of DCF by just 
the H2O2/O3 AOP and after each treatment train. Train 1 only removed 3%, but the AOP 
along with Train 2 both showed complete removal of the DCF, meaning the addition of 
the H2O2/O3 AOP into the conventional treatment train was effective in removing DCF.   
Bourgin et al studied the effect of the H2O2/O3 AOP on DCF removal in two different 
types of reactors with three different O3 concentrations.  Figure 11 shows the removal of 
DCF with the O3/H2O2 AOP. The AOP was very effective and completely removed DCF 
in all three systems, even with the lowest concentration of O3. This is fairly consistent 
with the other studies, which also saw complete DCF removal with the O3/H2O2 AOP.  
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Figure 10: Diclofenac Degradation via H2O2/O3. Adapted from Uslu et al [50]. Initial 
conditions: 48 𝜇𝜇M O3, 6 𝜇𝜇M H2O2. 
 
Figure 11: Diclofenac Degradation via H2O2/O3. Adapted from Bourgin et al. [52]. Initial 
conditions: 29,400 𝜇𝜇M H2O2. 
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4.2.5 Efficiency and Reaction Rates  
As discussed above, the degradation of contaminants is due to both direct oxidation by O3 
exposure as well as indirect oxidation through •OH exposure [16]. The equivalent first 
order reaction rate constant (Ke) was used to describe the overall kinetics of experiments 
with catalytic ozonation. The efficiency of each method was quantified by applying the 
Rct’ concept.  By using the published data from each study, the results in Table 1 were 
determined.  Note that insufficient data was available for some of the traditional AOP 
studies to calculate Rct’ and Ke values, but overall results from these studies are included 
in the discussion below. 
Table 1: Rct’ and Ke Values for AOP Experiments Degrading DCF 
Study  Experiment Rct’  
Effective Reaction Rate, 
Ke (min-1) 
Gao et al [41] FSO/PMC/O3 5,409.6 0.584 
PMC/O3 4,503.1 0.583 
Li et al [47] Fe-MCM-48/O3 8,913.7 0.341 
MCM-48/O3 4,294.3 0.235 
Beltran et al [54] P110 Hydraffin/O3 1,858.7 0.781 
Moreira et al [32] UV/TiO2/O3 15,238.6 1.565 
UV/ O3 8,969.3 0.921 
Garcia-Araya et al 
[46] 
UV/TiO2/O3  
(Non-Buffered)  695.3 0.049 
UV/TiO2/O3 
(Buffered) 4,004.3 0.848 
 
In Gao et al’s study, FSO/PMC/O3 resulted in a higher Rct’ value than PMC/O3, 
indicating that the PMC system will require more O3 to degrade DCF than the FSO/PMC 
system. The addition of Fe increased efficiency in this experiment by 20%. Li et al also 
saw an increased Rct’ value after the addition of Fe. However, the addition of Fe more 
than doubled the Rct’ values in Li et al’s study compared to the ozonated substrate. Gao et 
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al performed experiments with a higher O3 concentration and catalyst loading than Li et 
al, but the efficiency did not increase as drastically as in Li et al’s study. This difference 
could be due to the composition of the silicate used. The addition of Fe to MCM-48 
created more active sites on the surface, ultimately requiring less O3 to degrade the DCF. 
UV/TiO2/O3 studied by Moreira et al showed the most promising Rct’ results for 
removing DCF, with an Rct’ almost four times as large as the UV/TiO2/O3 system studied 
by Garcia-Araya et al. Results from Garcia et al’s buffered TiO2/O3 system were 
comparable to most metal oxide/O3 values, with the exception of Fe-MCM-48/O3.  The 
UV/TiO2/O3 experiments are technically a combination of UV/O3 and TiO2/O3 so it 
might be expected that they would have the greatest efficiency since they employ 
multiple •OH production mechanisms.  However, results across these studies are 
inconsistent.  This inconsistency may be due to experimental conditions.  Moreira’s 
experiments used a lower O3 concentration than experiments performed by Garcia-Araya, 
so the high Rct’ value reflects high DCF removal with low O3 exposure over a short 
period.  Both systems showed complete DCF removal in a relatively short period, so the 
Garcia-Araya system may have had a higher O3 concentration than needed. 
Considering reaction rate results, the addition of Fe in Li et al’s study had a greater effect 
on Ke than in Gao et al’s study. Ke values for Li et al’s study increased by 25% with the 
Fe addition, but those for Gao et al’s experiments were almost identical. This result is 
similar to the efficiency comparison between the two experiments, though to a less 
dramatic extent.  It is interesting to note that for the catalytic ozonation results, Gao et 
al’s study showed higher degradation rates that Li et al, though Li et al showed 
significantly Rct’ value, reflecting that Li et al also used a significantly lower O3 
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concentration.  While somewhat slower, the DCF degradation in Li et al’s experiment 
made more efficient use of the O3 in the system.   
P110 Hydraffin/O3 showed a higher Ke value than the metal-catalyzed ozonation 
experiments, though it yielded the lowest Rct’ from all the catalytic ozonation systems. 
The rapid decline in DCF concentration could indicate an issue to be aware of in the Rct’ 
methodology; greater O3 exposure may have been provided than necessary for 
degradation, artificially increasing the denominator of the Rct’ calculation and suggesting 
a lower efficiency than the system actually could have achieved.   
Similar to the Rct’ results, the UV/TiO2/O3 experiments showed inconsistent Ke values 
across studies. Experiments performed by Moreira et al showed significantly higher Ke 
values than the experiments conducted by Garcia-Araya.  
Comparing the catalytic ozonation results to the traditional AOP results is challenging.  
The only traditional AOP used for DCF removal for which an Rct’ value could be 
calculated was UV/O3. The Rct’ value was higher than the metal-oxide catalytic ozonation 
results, though a single point of comparison is not conclusive.  The other traditional AOP 
studies did not provide useful data for calculating O3 exposure.  However, they all 
showed almost complete removal of DCF in virtually all conditions.  Collectively, these 
results suggest that catalytic ozonation is currently less effective than traditional AOPs 
for DCF degradation.  However, further study is warranted due to inconsistency and 
incomplete available data. 
4.2.6 Total Organic Carbon Removal 
It is valuable to measure TOC in degradation experiments in order to determine the 
degradation of both the EC and its reaction intermediates. Studies by Gao et al, Li et al, 
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Beltran et al, Moreira et al and Garcia-Araya et al measured TOC to study the effect of 
each catalyst used.  
As seen in Figure 12, Fe catalysts improved TOC removal overall.  In Li et al’s study, 
using Fe-MCM-48 resulted in greater TOC removal than the non-catalyzed system. The 
addition of Fe adds active sites that promote more catalytic activity, resulting in greater 
•OH production and greater mineralization [47]. Similarly, Gao et al found greater 
removal with FSO/PMC than in the PMC/O3 or O3 only systems [41].  Using PF110 
Hydraffin in Beltran et al’s study yielded greater TOC removal than either of the Fe-
catalyzed systems [54].  The degree of TOC removal in all systems was far less than DCF 
removal, with a maximum TOC removal in Beltran et al’s study of 78% after 60 minutes.  
In each study, direct ozonation removed the least TOC. This is most likely due to O3-
recalcitrance of the parent compound and the generation of O3 refractory intermediates.   
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Figure 12: Change in TOC as a Function of Time via GAC/O3 and Metal Oxide/O3. 
Adapted from Li et al, Gao et al and Beltran et al [41], [47], [54]. 
 
Studies using photocatalytic ozonation also measured TOC in their experiments. As 
shown in Figure 13, UV and O3 alone were not efficient in removing TOC for Moreira et 
al’s study. UV/TiO2/O3 showed the best TOC removal, with 92% removal after 60 
minutes and fully degraded all TOC in 120 minutes. This is an improvement over Beltran 
et al’s carbon-catalyzed system which showed 78% TOC removal at 60 minutes.  
However, these results do not agree with those of Garcia-Araya’s experiments. Figure 14 
shows that nonbuffered UV/TiO2/O3 increased TOC levels, instead of decreasing.  The 
buffered UV/TiO2/O3 system showed 66% TOC removal after 60 minutes, similar to the 
metal-catalyzed systems discussed above.   
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Figure 13: Change in TOC as a Function of Time via UV/TiO2/O3 AOP and AC/O3. 
Adapted from Moreira et al and Beltran et al [32], [54]. 
 
 
Figure 14: Change in TOC as a Function of Time UV/TiO2/O3 AOP.  Adapted from 
Garcia-Araya et al [46]. 
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Interestingly, DCF samples without t-BuOH did not consistently remove more TOC than 
samples with t-BuOH. UV/TiO2/O2 had a higher TOC removal when the solution was not 
buffered, but the UV/TiO2/O3 solutions with t-BuOH removed more TOC than other 
AOPs.  The potential role of competitor species like t-BuOH is discussed further below.   
Overall, the variability in experimental conditions greatly affected TOC removal, as well 
as Rct’ and Ke values.  It is challenging to draw conclusions regarding efficacy of 
catalytic ozonation compared to traditional ozone-based AOPs for TOC removal with 
inconsistent results and conditions across studies.  However, the fact that catalytic 
ozonation studies are generally similar or superior to traditional AOP results for TOC 
removal suggests that further study is warranted. 
4.3 Atrazine  
ATZ’s resistance to conventional treatment has led to the research of effective removal 
methods. Multiple experiments were compared to evaluate the performance of the 
MWCNT/O3 or GAC/O3 AOPs for ATZ degradation. Rct’ values and the first order 
reaction rate constants (Ke) were used to analyze the efficacy of the AOP. The results 
from these experiments were compared to studies using the H2O2/O3 AOP in pilot 
WWTP systems.  In general, results showed that carbon-catalyzed ozonation is strongly 
competitive with traditional AOPs for ATZ removal. 
4.3.1 Degradation with MWCNTs and O3 
Miller’s study examined the efficacy and reaction rate constants fro the MWCNT/O3 
AOP at different MWCNT loadings for degradation of ATZ [16]. Figure 15 shows the 
change in ATZ concentration over time for each system. The results showed a 15% 
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removal with 5 mg/L of MWCNTs and a 25% removal with 10 mg/L MWCNTs after 2 
minutes [16].  
Like Miller’s study, Cochran studied the MWCNT/AOP’s performance on ATZ removal. 
The primary distinction between Miller and Cochran’s experiment is the type of reactor 
used. Miller conducted experiments in a semi-batch reactor with constant O3 
concentration, while Cochran conducted experiments in a batch reactor, meaning O3 
concentration was continuously decreasing throughout the experiment. As seen in Figure 
15, Cochran’s study showed a 40% removal with 10 mg/L of MWCNTs, almost twice the 
amount removed in Miller’s study. Both batch and continuous systems demonstrated 
quick degradation of ATZ and then leveling off.  This suggests that O3 is not a limiting 
factor in the degradation process. The observed increase in removal in Cochran’s study 
could be due to the preparation of ATZ for experiments. Miller dissolved ATZ in 
methanol due to its higher solubility, while Cochran dissolved ATZ in deionized water.  
Fan et al’s study examined the degradation of ATZ by using the O3/MWCNTs AOP in a 
semi-batch tank reactor. Four systems were analyzed in Fan et al’s study, each with a 
different combination of O3, MWCNTs, and t-BuOH. System 1, which treated ATZ with 
only O3 showed a 55% removal in the first 5 minutes of treatment. System 4 analyzed the 
combination of O3, MWCNTs, and t-BuOH on ATZ degradation, similar to Miller and 
Cochran’s experiments. Over the same 2-minute duration, Fan et al’s System 4 results 
showed similar removal efficiency as Cochran and Miller, despite higher MWCNT 
loading.  System 1 reached 100% degradation and leveled off after 40 minutes of 
treatment. System 4 fully removed ATZ after 60 minutes of treatment [34]. 
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Figure 15: Atrazine Degradation as a Function of Time via MWCNTs/O3. Adapted from 
Miller, Cochran, and Fan et al [16], [26], [34]. Miller Initial Conditions: 5-10 mg/ L 
Atrazine, O3 concentration: 250 μM, 1 or 2 mL of MWCNTs, pH 7. Cochran Initial 
Conditions: 10 mg/ L Atrazine, O3 concentration range: 190 μM to 220 μM, 10 mg/L 
CNTs, pH 7. Fan et al Initial Conditions: 10 mg/L ATZ, O3 concentration:180 μM, 50-
250 mg/L MWCNTs, pH 7. 
 
Figure 16: Atrazine Degradation as a Function of Time via AC/O3. Adapted from 
Guzman-Perez et al and Fan et al  [34], [53]. Guzman-Perez et al Initial Conditions: 30 
mg/L ATZ, O3 concentration:104 μM, pH 7. Fan et al Initial Conditions: 10 mg/L ATZ, 
O3 concentration:180 μM, 100 mg MWCNTs, pH 7. 
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Fan et al’s experiments varying concentration of MWCNTs showed a correlation 
between ATZ removal and MWCNT concentration. After 5 minutes of treatment, 
experiments conducted with 50 mg/L, 250 mg/L, and 500 mg/L (not shown) of 
MWCNTs resulted in 60%, 75%, and 82% removal, respectively. Complete removal was 
achieved in 15 minutes by trials containing 250 and 500 mg/L. Experiments using 50 
mg/L achieved full degradation in approximately 25 minutes [34]. Collectively, these 
studies show the benefit of utilizing MWCNTs as ozonation catalysts for ATZ removal. 
4.3.2 Degradation with Activated Carbon and O3 
Guzman et al used activated carbon (AC) as an ozonation catalyst to evaluate the removal 
of efficiency of ATZ. As shown in Figure 16, 52% of ATZ degrades in the first 10 
minutes of the trial. The maximum ATZ removal occurred after 60 minutes [53]. The 
AC/O3 AOP in this experiment degraded ATZ at a slower rate and to a lesser extent than 
MWCNT/O3 in Fan et al’s study.  
4.3.3 Degradation with O3/H2O2 
Multiple studies have investigated implementing AOPs in pilot plants to mimic the 
conditions in a real WWTP. Figure 17 shows results of Borikar et al’s study on the 
removal of ATZ in a pilot system where various ratios of O3/H2O2 were implemented. 4 
mg/L O3 with 0.07 mg/L H2O2 yielded the highest removal. After conventional treatment 
and H2O2, 90% of ATZ was removed. Interestingly, using the maximum concentration of 
H2O2 and O3 did not yield the maximum removal; 84% of ATZ was removed at 4.4 mg/L 
O3 with 0.13 mg/L H2O2. 
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Figure 17: Atrazine Degradation via H2O2/O3. Adapted from Borikar et al [19]. 
 
 
Figure 18: Atrazine Degradation via H2O2/O3. Adapted from Bourgin et al [52]. Initial 
conditions: 29,400 μM H2O2. 
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Figure 19: Atrazine Degradation via H2O2/O3. Adapted from Uslu et al [50]. Initial 
Conditions: 48 μM O3, 6 μM H2O2. 
 
Bourgin et al studied the effect of the O3/H2O2 AOP on ATZ removal in two different 
types of reactors with three different O3 concentrations. As seen in Figure 18, the highest 
O3 concentration showed the greatest removal in ATZ in all systems. The tubular reactor 
showed the highest removal of ATZ, 93%, with an O3 concentration of 2 mg/L. 
Conventional ozonation (O3 only) consistently removed the least amount of ATZ, 
regardless of O3 concentration, verifying the benefit of the AOP for ATZ removal [52].  
Similar to Bourgin et al’s study, Uslu et al implemented the H2O2/O3 AOP in a pilot plant 
system to observe its effect on ATZ removal. Figure 19 shows the removal of ATZ by 
just the H2O2/O3 AOP and after each treatment train. Train 1, without the AOP, only 
removed 7%, but Train 2, which incorporated the H2O2/O3 AOP into conventional 
treatment, removed 29% of ATZ.  The standalone AOP treatment supported this result, 
also showing 22% ATZ removal. The AOP implemented into conventional treatment was 
0
5
10
15
20
25
30
35
AOP Train 1 Train 2
AT
Z 
Re
m
ov
al
 (%
)
54 
 
effective in increasing ATZ removal. Overall, the removal of ATZ in this experiment was 
relatively low compared to others. This experiment used the lowest O3 and H2O2 
concentration of all the H2O2/O3 AOP studies, which likely affected the removal rate.  In 
general, the traditional AOP was less effective against ATZ than against DCF, but all 
studies verified the benefit of an AOP for removal of ATZ, compared to conventional or 
simple oxidative treatment. 
4.3.4 Efficiency and Reaction Rates  
As discussed above, the degradation process occurs from direct and indirect oxidation, 
simultaneously [16]. The Ke and Rct’ concept described in Section 4.1.1 were applied to 
the raw data in each study to determine the values in Table 2.  Note that experimental 
duration data was not available for calculation of degradation rates or Rct’ values for the 
conventional H2O2/O3 studies, but overall results from these studies are included in the 
discussion below. 
Table 2: Rct’ and Ke Values for AOP Experiments Degrading ATZ 
Study  Experiment Rct’ 
Effective Reaction Rate,  
Ke (min-1) 
 
Fan et al [34] 
50 mg/L CNTs/O3 931.1 0.173 
250 mg/L CNTs/O3 932.5 0.171 
Cochran [26] 10 mg/L CNTs/O3 931.1 0.086 
Miller [16] 5 mg/L CNTs/O3 454.2 0.061 10 mg/L CNTs/O3 919.9 0.103 
Guzman- Perez 
et al [53] AC/O3 427.9 0.039 
 
The MWCNT-catalyzed ozonation experiments showed consistent Rct’ values overall. 
Similar efficiencies were achieved by Fan et al, Miller and Cochran despite the difference 
in MWCNT concentrations. The concentration of MWCNTs in Fan et al’s study 
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exceeded Miller’s and Cochran’s by at least 25 times. Rct’ values may reflect a benefit of 
MWCNT surface modification.  Miller and Cochran used MWCNTs functionalized with 
a nitric acid solution, while Fan et al did not pretreat MWCNTs. Note that Fan et al 
credits sorption of ATZ to the MWCNTs with much of the observed ATZ removal, rather 
than true ATZ degradation [34].  Previous studies have suggested that MWCNT 
functionalization reduces sorptive capabilities while increasing •OH production during 
ozonation, compared to nonfunctionalized MWCNTs [16], [17], [26].  The role of 
sorption in catalytic ozonation studies is discussed further below. 
Alternatively, the results may reflect that the 10 mg/L MWCNT loading in Cochran and 
Miller’s experiments was already in excess.  The correlation between Rct’ and MWCNT 
loading in Miller’s results suggests there is some relationship between reaction efficiency 
and MWCNT loading, but this effect may be limited.  Guzman-Perez et al yielded the 
lowest Rct’ results from all carbon catalysts, suggesting the MWCNTs offer benefit 
compared to AC.  Previous studies have suggested a surface area relationship with •OH 
production during catalytic ozonation, and these results may support that finding [17], 
[52].  
In comparing Ke values, the AC/O3 AOP also showed the lowest values amongst all other 
catalytic ozonation studies. Fan et al’s study showed similar Ke values in each 
experiment, despite the concentration of MWCNTs increasing by 5 times. This supports 
the suggestion that the CNTs were already in excess at 50 mg/L, meaning additional 
catalyst would not improve Rct’ or Ke. Miller and Cochran’s Ke values were very similar 
to each other and of a similar order of magnitude as Fan et al’s results, despite carrying 
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out experiments in different types of reactors. This suggests O3 is not the limiting factor 
in contaminant degradation.  
While Rct’ and Ke could not be calculated for the H2O2/O3 studies, overall ATZ removal 
was mixed.  Removal ranged from just over 20% to approximately 90%, despite similar 
O3 concentrations (between 2 – 4 mg/L) in all studies. At longer durations, all carbon-
catalyzed ozonation experiments showed 80% ATZ removal or greater, suggesting 
carbon-based catalytic ozonation may be competitive with or even superior to 
conventional AOPs for ATZ removal.  
4.4 Carbamazepine  
While conventional methods have not been successful in removing CBZ, using metal 
oxides in combination with O3 has shown potential [38]. Multiple experiments were 
compared to evaluate the performance of the different metal oxides and O3 on CBZ 
removal. Rct’ values and the first order reaction rate constants (Ke) were used to analyze 
the efficacy of the AOP. The results from these experiments were compared to studies 
using the UV/ O3 and H2O2/O3 AOPs in pilot WWTP systems.  Overall, metal-catalyzed 
ozonation systems have potential to be competitive with conventional AOPs for CBZ 
removal. 
4.4.1 Degradation with Metal Oxides and O3 
Saeid explored multiple catalysts to combine with O3 in order to degrade CBZ. H-Y-12 
MCM-41 and H-Beta-300 were the primary mesoporous silicates modified with different 
transition metals through different methods. As seen in Figure 20, the complete 
degradation of CBZ occurred as early as in 2 minutes. Cu-MCM-41-A-EIM and Ru-
MCM-41-IS showed the highest decomposition rate compared to the other catalysts. 
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However, the O3 only system fully degraded CBZ faster than the remaining metal-
catalyzed systems, suggesting little to no benefit of catalytic ozonation compared to 
conventional ozonation.  
 
Figure 20: Carbamazepine Degradation as a Function of Time via Metal Oxide/O3. 
Adapted from Saeid et al. Initial conditions: 35 mg/L CBZ, O3 concentration:438 μM, 
500 mg/L each catalyst. 
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Figure 21: Carbamazepine Degradation as a Function of Time via NiO/O3. Adapted from 
Aguilar et al. Initial conditions: 20 mg/L CBZ, O3 concentration:115 μM, pH 3.4.  
 
Aguilar et al’s study used NiO as a catalyst and analyzed the addition of the •OH 
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while Aguilar et al added NiO powder directly to the system.  The structure of the 
catalyst support may limit availability of the catalyst itself to interact with the system 
[47].  
In addition, Aguilar et al’s experiments were conducted with a pH ranging from 3.4 to 6.5 
while pH in other experiments was not specified. Other studies have shown a greater EC 
removal at pH 3-4 [47], [56]. This is unusual because a higher pH usually promotes •OH 
formation. Gunten hypothesizes that this might be due to •OH quenching. A higher 
radical concentration would lead to more interaction with other radicals, and therefore 
terminate additional radical reactions [47].  
4.4.2 Degradation with UV/O3 and H2O2/O3 
Many studies analyzed the effect of implementing UV/O3 or H2O2/O3 AOPs in a pilot 
plant to understand the efficiency of the process implemented on a larger scale. Borikar et 
al also implemented an AOP, H2O2/O3 in a pilot plant mimicking an actual WWTP to 
observe its performance when handling mixed streams. Figure 22 shows the removal of 
CBZ for each oxidant concentration combination. All AOPs fully removed CBZ from the 
streams, except for 0.8 mg/L O3 combined with 0.25 mg/L H2O2. This AOP removed 
78% of CBZ after complete treatment. Overall, H2O2/O3 was effective in removing CBZ.   
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Figure 22: Carbamazepine Degradation via H2O2/O3. Adapted from Borikar et al [19]. 
 
 
Figure 23: Carbamazepine Degradation via H2O2/O3. Adapted from Kim et al [51]. Initial 
Conditions: O3 Concentration: 125 μM O3, 94 μM H2O2, 0.0648/cm U254. 
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Figure 24: Carbamazepine Degradation via H2O2/O3. Adapted from Uslu et al [50]. Initial 
Conditions: 48 μM O3, 6 μM H2O2. 
 
 
Figure 25: Carbamazepine Degradation via H2O2/O3. Adapted from Bourgin et al [52]. 
Initial Conditions: O3 Concentration: 115 μM. 
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Kim et al studied the effectiveness of H2O2/O3, UV/O3, and O3 only on CBZ removal. As 
seen in Figure 23, all methods studied were very effective in removing CBZ. Reactor 1 
(R1) and Reactor 2 (R2) each provided 5 minutes of contact time, but CBZ was 
completely removed in R1 for all three AOPs. Even in different pilot plant conditions, 
Kim et al’s results agree with Borikar et al’s findings.  
Similar to Kim et al’s study, Uslu et al implemented the H2O2/O3 AOP in a pilot plant 
system to observe its effect on CBZ removal. The AOP was tested as a stand-alone 
treatment and combined into Train 2, but not Train 1, to observe the removal of CBZ in 
combination with conventional treatment. Figure 24 shows the removal of CBZ by just 
the H2O2/O3 AOP and after each treatment train. Train 2 which incorporated the H2O2/O3 
AOP into conventional treatment removed 80% of DCF, while Train 1 only removed 5%. 
Interestingly, the stand alone H2O2/O3 AOP showed 58% removal of CBZ overall.  When 
incorporated into Train 2 though, the AOP provided a 75% increase in CBZ removal 
compared to Train 1.  In this case, there may have been synergistic benefits for the 
overall treatment process.  Overall, the additional of H2O2/O3 AOP into the conventional 
treatment train was effective in removing CBZ.   
Bourgin et al studied the effect of the H2O2/O3 AOP on CBZ removal in two different 
types of reactors with three different O3 concentrations.  Figure 25 shows the removal of 
CBZ with the H2O2/O3 AOP. The AOP was very effective and completely removed CBZ 
in all three systems, even with the lowest concentration of O3. This is fairly consistent 
with the other studies, which also saw complete CBZ removal with the H2O2/O3 AOP. 
However, the studies testing conventional ozonation (O3 only) also reported complete 
CBZ removal, so the added value of the AOP in those cases is questionable [51], [52].  
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4.4.3 Efficiency and Reaction Rates  
Rct’ and Ke were calculated to analyze the efficiency and rate of each catalyst. By using 
the published data from Saeid et al and Aguilar et al, the values in Table 3 were 
calculated.  Note that experimental duration data was not available for calculation of 
degradation rates or Rct’ values for the conventional AOP studies, but overall results from 
these studies are included in the discussion below. 
Table 3: Table 2: Rct’ and Ke Values for AOP Experiments Degrading CBZ 
Study  Experiment Rct’ 
Effective Reaction Rate,  
Ke (min-1) 
Saeid et al [38] 
Pd-H-Y-12-EIM/O3 625.1 0.286 
Pd-H-Beta-300-EIM/O3 726.3 0.357 
Pt-H-Y-12-EIM/O3 616.3 0.292 
Pt-MCM-41-IS/O3 1,039.8 0.53 
Ru-MCM-41-IS/O3 1,822.2 0.936 
Aguilar et al [31] 
 
300 mg/L NiO/O3 8,391.4 1.145 
500 mg/L NiO/O3 8,140.1 1.185 
300 mg/L NiO/O3 + TBA 14,582.4 2.351 
500 mg/L NiO/O3 + TBA 11,472.8 1.769 
 
The Ru- and Pt-MCM-41-IS catalyzed ozonation experiments produced the highest Rct’ 
values in Saeid et al’s study. Their Rct’ values were at least 1.4 times larger than the other 
metal-catalyzed ozonation experiments in the study. Pt was used with both MCM-41-IS 
and H-Y-12-EIM catalyst supports and showed markedly different Rct’ values. This 
results shows that the catalyst support itself may play a key role in treatment efficiency. 
NiO/O3 showed the most promising results in removing CBZ. The NiO/O3 AOP with the 
addition of TBA showed the highest Rct’ value, exceeding all of Saeid et al’s Rct’ values 
significantly. Lower concentrations of NiO yielded greater Rct’ values, suggesting NiO is 
already in excess at 300 mg/L. The addition of TBA to NiO/O3 made the degradation 
64 
 
process at least 1.7 times more efficient. This is an interesting observation because TBA 
is typically added to simulate competitive species in wastewater.   
The NiO/O3 AOP yielded a higher Ke value than all the catalytic ozonation systems 
studied by Saeid et al. as well.  Ke values in Saeid et al’s study followed similar trends to 
Rct’ values. The Ru-MCM-41-IS catalyst showed the greatest Ke. The two Pt-catalyzed 
systems showed similar reaction rate relationships as the Rct’ value, again suggesting that 
the catalyst support itself plays a significant role in overall efficacy of treatment. 
Similar to Rct’ values, the addition of TBA increased Ke in NiO experiments. The author 
states that this result was expected, as TBA can decrease surface tension in O3 bubbles 
allowing increased contact area between O3 and other reactive components in the system 
[31]. 
Comparing the catalytic ozonation results to the traditional AOP results is challenging 
Since Rct’ and Ke values could not be determined for the convention AOP studies.  
However, all conventional AOP studies showed complete removal of CBZ in all 
conditions.  Collectively, these results suggest that catalytic ozonation is currently less 
effective than traditional AOPs for CBZ degradation.  Moreover, studies which examined 
conventional ozonation (O3 only) also found complete CBZ degradation, despite CBZ 
being typically considered to be a recalcitrant compound.  Further investigation into the 
breakdown mechanisms of CBZ itself is warranted since this ubiquitous compound is 
known to be persistent in the environment [13]. 
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4.4.4 Total Organic Carbon  
Rosal et al and Aguilar et al conducted TOC tests to analyze CBZ degradation as well as 
the removal of byproducts. Rosal et al focused on the effect of pH on TOC removal with 
TiO2 as a catalyst. As seen in Figure 26, a lower pH resulted in higher TOC removal. 
Experiments run with a pH of 5 removed 77% of TOC while experiments with a pH of 7 
removed 50%. The change in TOC was greatest in the first 4 minutes in samples with pH 
7. Samples with pH 5 continued showing degradation through the first 8 minutes before 
leveling off.  
 
Figure 26: Change in TOC as a Function of Time via TiO2/O3 AOP.  Adapted from Rosal 
et al [56]. 
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also able to decrease TOC, though to a lesser extent than the systems without TBA. This 
result was also seen in Garcia-Araya et al’s experiment for DCF removal (Figure 14).  
 
Figure 27: TOC Removal via NiO/O3 AOP. Adapted from Aguilar et al Results [31]. 
 
4.5 Considerations for Further Investigation 
The studies reviewed provided insight into the efficacy of multiple AOPs on EC 
degradation, based on efficiency, degradation rate, and overall EC or TOC removal. 
However, review of these collected studies identified several inconsistencies across all 
experiments that merit further investigation.  Specifically, the removal of reaction 
intermediates, the role of competitive species such as tert-butanol in the system, and the 
effect of sorption by the catalyst or catalyst support all need to be better understood 
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As mentioned in Chapter 2, the ozonation of several ECs can generate O3 refractory 
intermediates [41]. Refractory carboxylic acids, such as oxamic acid, formic acid, and 
oxalic acid, were noticed in both DCF and CBZ degradation [31], [32], [41]. Moving 
forward in EC degradation will require a better understanding of how these intermediates 
are formed and how AOPs can potentially eliminate them.  
Gao et al analyzed the generation of oxamic acid, malonic acid, and oxalic acid for AOPs 
treating DCF. Figure 28 shows the evolution of these acids during the O3 and 
FSO/PMC/O3 process. After 60 minutes, O3 only consistently generates a higher 
concentration of intermediates than FSO/PMC/O3. Oxalic acid is the most prevalent 
intermediate and consistently increases over time. Oxamic acid reaches a maximum 
concentration at 30 minutes and slowly levels off. Malonic acid gradually increases over 
time but eventually begins to level off after 40 minutes of treatment.  It is likely that the 
increased amount of •OH in the catalyzed systems are targeting these ozone-refractory 
intermediates.  The benefit of increased •OH is a greater degree of mineralization. 
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Figure 28: Oxamic, Malonic and Oxalic Acid Concentration Change as a Function of 
Time via FSO/PMC/O3 AOP. Adapted from Gao  et al [41]. 
 
Chen et al studied the evolution of formic acid, oxalic acid, and acetic acid intermediates 
for the Fe-MCM-41/O3. As seen in Figure 29, oxalic acid’s concentration changes the 
greatest over time. At 30 minutes, oxalic acid generated with the Fe-MCM-41 AOP 
reaches its peak concentration, and then levels off. O3 shows the highest concentration of 
all intermediates at 60 minutes. Acetic acid was produced the least of all intermediates. 
Formic acid was produced at a slightly higher concentration than acetic acid, but still 
significantly less than oxalic acid.  Interestingly, the greater •OH in the catalyzed systems 
foes not generally show beneficial removal compared to the O3 only system.  It is 
possible that other species in the system added •OH demand limiting its availability to 
react with these intermediates until those other species were less dominant. 
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Figure 29: Formic, Acetic and Oxalic Acid Concentration Change as a Function of Time 
via Fe-MCM-41/O3 AOP. Adapted from Chen et al Results [49]. 
 
Figure 30 A and B show the evolution of oxalic acid and oxamic acid for each AOP 
studied in Moreira et al’s study. Oxalic acid is produced at its highest concentration by 
ozonation. Photolytic ozonation does not produce any oxalic acid. These AOPs however, 
show the opposite result on oxamic acid. O3 does not produce any oxamic acid and 
photolytic ozonation produces the highest concentration of oxamic acid at 180 minutes.  
Photocatalytic ozonation shows its peak at 15 minutes for oxamic acid and 25 minutes for 
oxalic acid. Then, the concentration drastically decreases and levels off.  
Aguilar et al also observed the change in intermediates’ concentrations in their study on 
CBZ removal. Figure 31 A shows the gradual increase in oxamic acid by all AOPs while 
oxalic acid in Figure 31 B shows a consistent peak for several AOPs and then levels off. 
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The production of oxamic acid does not seem to be affected by the addition of TBA. For 
oxalic acid, the systems without TBA show a spike in concentration at 45 seconds, but 
the final concentrations at 60 seconds are the same.  Again, the rise and alter fall of these 
recalcitrant intermediates may reflect initial competition for limited •OH in the system. 
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Figure 30: Oxalic (A) and Oxamic (B) Acid Concentration Change as a Function of Time 
via UV/TiO2/O3 AOP. Adapted from Moreira et al [32]. 
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Figure 31: Oxamic (A) and Formic (B) Acid Concentration Change as a Function of 
Time via Fe-MCM-41/O3 AOP.  Adapted from Aguilar et al [31]. 
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4.5.2 Role of Tert-Butanol  
Multiple experiments incorporated tert-butanol (t-BuOH or TBA) or some sort of 
competitive species to simulate the organic compounds present in an actual waste stream 
[16]. This addition led to inconsistent results across multiple studies that should be 
investigated further in future studies.  
In Garcia Araya et al’s study, the addition of t-BuOH improved TOC removal. The 
addition of t-BuOH to the UV/TiO2/O3 AOP increased TOC removal by 90%. This is an 
interesting observation considering the levels of TOC might be expected to increase due 
to more organic species in the system. The addition of a competitor species also affected 
the overall removal of CBZ in the Aguilar et al’s experiment. TBA’s presence in both 
NiO/O3 AOPs resulted in faster CBZ removal after the first 2 minutes in the reaction. The 
author states that this was expected due to a decrease in surface tension of O3 bubbles, 
which increases the contact area between CBZ and dissolved O3 [31]. 
However, some studies that incorporated t-BuOH shows decreased removal rates of the 
target EC. In Garcia Araya et al’s study, t-BuOH decreased DCF removal in the 
UV/TiO2/O2 AOP by 24% (Figure 7). Additionally, introducing competitive species in 
Aguilar et al’s results improved CBZ’s removal rate, but it did not improve TOC 
removal. The addition of TBA decreased TOC removal by 23-25% (Figure 27).  
Multiple studies did not include a competitor species which could change the results of 
their experiments compared to complex or real water system. In addition, some AOPs 
tested samples of secondary effluent or surface water which could contain an unknown 
amount of competitor species as well. Due to the great variability from all experiments, 
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further investigation should occur to analyze the role of competitor species on EC 
removal.  
4.5.3 Role of Sorption  
While some experiments showed effective contaminant removal with certain AOPs, it is 
important to determine if the ECs were removed by degradation or sorption, especially 
when using carbon catalysts such as MWCNTs or GAC, as these materials are known for 
their high sportive capabilities. Certain ECs adsorb onto surfaces, which means the EC 
was not completely removed from the system, just form the aqueous phase. This sort of 
sorptive loss can misleading degradation rates and efficiency results, since loss appears as 
degradation in the concentration difference, but is not actually due to a degradation 
reaction [38].    
Fan et al explored this concept of adsorption and observed that the change of adsorption 
capacity for MWCNTs was due to the change of surface chemical properties due to the 
modification of carbon materials [34]. Considering some experiments pretreated their 
catalysts, this could have also influenced their results. Pretreatment improved the 
performance of the MWCNTs as seen with Ke and Rct’ from Fane et al, Miller and 
Cochran. Fan et al used a substantially higher concentration of MWCNTs that Cochran 
and Miller, yet their Ke and Rct’ values were very similar. Pretreating the MWCNTs 
might have increased their reaction rates and efficiency. Additionally, Oulton found that 
pre-treatment of MWCNTs reduces their sorptive capacity compared to non-
functionalized MWCNTs [17].  Fan et al credits sorption, rather than degradation, for 
much of the DCF removal, in agreement with Oulton’s result.  Due to the wide variety of 
catalysts used and the variability in treatment, it is important to explore this further to 
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find ways to account for sorption since such “loss” does not truly remove ECs from the 
environment.  
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Chapter 5 
CONCLUSION 
 
Due to water’s scarcity worldwide, it is important to recycle water currently available and 
treat it to preserve the health of humans and wildlife. By exploring methods to remove 
ECs from water, new processes and technologies can be developed and implemented to 
ensure quality treatment. The questions posed at the beginning of this study were 
addressed by analyzing 17 studies to compare catalytic ozonation AOPs to other ozone-
based AOPs for the removal of recalcitrant compounds. The Rct’ concept and effective 
reaction rate, Ke, were used to compare each AOPs performance. Specifically, this study 
explored the following questions: 
• What is the effect of catalytic ozonation, H2O2/O3 and UV/O3 on the degradation 
of the ozone recalcitrant compounds DCF, ATZ, and CBZ? 
Catalytic ozonation consistently decreased total organic carbon (TOC) levels, even in the 
presence of competitor species. Furthermore, the addition of metal oxides improved the 
rate of removal in multiple cases, sometimes even doubling the efficiency as measured by 
Rct’ values. Comparing each AOP’s effect on the ozone recalcitrant compounds, 
however, yielded inconsistent results. Due to inconsistent ozone duration measurements 
in pilot plant studies, the effect of traditional AOPs UV/O3 and H2O2/O3 could not be 
directly compared to catalytic ozonation studies. However, pilot plant studies showed 
effective removal for the majority of the contaminants studied. Atrazine was the only 
contaminant that consistently showed lower removal during H2O2/O3 treatment compared 
to catalytic ozonation. However, the catalytic ozonation studies all showed promise or 
superior performance to the conventional ozone-based AOPs, indicating that further 
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investigation is warranted, especially in more complex water systems with controlled 
competitor species. 
• How do different experiment conditions affect overall contaminant removal? 
Catalyst pretreatment played a large role in overall contaminant removal. Studies that 
pretreated catalysts achieved the same efficiency as those that did not pretreat with a 
significantly lower catalyst concentration. Achieving a similar removal rate with less 
material would reduce the cost of treatment without sacrificing quality.  
Another experimental condition that varied between studies was the type of reactor. 
Batch reactors yielded similar removal efficiencies to semi-batch reactors. This suggests 
that ozone is not a limiting factor the degradation process. This is an important finding 
for implementation of certain catalytic ozonation processes in WWTPs, where ozone 
would be consistently introduced into the system. High O3 concentration may not be 
required for effective treatment. Since O3 generation imposes a high energy demand, this 
is an important consideration for practical application. 
Multiple catalysts were used throughout various studies. Metal oxides showed the 
greatest efficiencies in diclofenac and carbamazepine removal. MWCNTs outperformed 
activated carbon in studies treating atrazine. However, their implementation in WWTPs 
would be difficult. WWTPs do not operate as batch systems, so the catalysts would need 
to be incorporated in other ways. Embedding these materials in membranes could be a 
possibility, but would require further research. Additionally, toxicity analysis would need 
to be conducted to ensure these materials would not cause health effects in humans and 
wildlife.      
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• How do different advanced oxidation processes affect removal of reaction 
intermediates? 
Analyzing total organic carbon (TOC) provided insight to the amount of intermediates 
removed during the degradation process. Monitoring byproduct removal is important 
because some byproducts can be more persistent or toxic than the parent compound. All 
catalytic ozonation processes effectively removed TOC in both DCF and CBZ 
experiments. TOC removal data was not available for the H2O2/O3 AOP or for studies 
focusing on ATZ. Even catalytic ozonation processes that introduced competitor species 
to represent organic matter generally reduced TOC. Further research needs to be 
conducted on byproduct removal for all AOPs. Since ECs may break down via multiple 
pathways during treatment, analysis of specific breakdown products is generally 
infeasible or impractical. TOC provides a way to analyze reduction of a contaminant and 
all of its potential breakdown products.  
5.1 Future Implementation of AOPs in Wastewater Treatment Plants 
As seen in the experiments implementing AOPs in pilot treatment systems, the Rct’ and 
Ke values varied tremendously from lab-based AOPs. The majority of catalytic ozonation 
experiments were carried out in semi-batch systems, which provided insight to •OH 
formation. Moving forward, it is important to consider implementation of these catalytic 
ozonation methods in flow-through systems that would be more practical in WWTPs. 
Exploring different membrane materials, as well as embedment processes is necessary to 
properly implement new AOPs [16]. Comparing these results to studies that implemented 
the conventional ozone-based AOP in pilot plants would provide a better understanding 
of the relative efficacy of catalytic ozonation AOPs.     
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APPENDICES 
Appendix A: Rct’ and Ke Sample Calculations and Final Results 
 
The following graph was plotted for each set of data to determine Ke values:  
 
 
Figure A.1: Determination of Ke Values for Me/O3 AOP Reactions with Diclofenac. 
Adapted from Gao et al. 
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The following graph was plotted for each set of data to determine Rct’ values:  
 
Figure A.1: Determination of Rct’ Values for Me/O3 AOP Reactions with Diclofenac.  
Adapted from Gao et al. 
 
For experiments where results were not recorded as a function of time, Rct’ was 
calculated using the following method:  
Rct’ value for O3/H2O2 AOP by Uslu et al for atrazine removal:  
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𝑅𝑅𝑐𝑐𝑐𝑐′ = 𝑙𝑙𝑙𝑙(0.71)320 min 𝑥𝑥 4.79 𝑥𝑥 10−5 𝜇𝜇  
 
𝑅𝑅𝑐𝑐𝑐𝑐′ = |−22.33|  
𝑅𝑅𝑐𝑐𝑐𝑐′ = 22.3  
 
Final DCF Results:  
Study Experiment Rct’ Effective Reaction Rate, Ke (min-1) 
Gao et al [41] FSO/PMC/O3 5,409.6 0.584 
PMC/O3 4,503.1 0.583 
Li et al [47] Fe-MCM-48/O3 8,913.7 0.341 
MCM-48/O3 4,294.3 0.235 
Beltran et al [54] P110 Hydraffin/ O3 1,858.7 0.781 
Moreira et al [32] UV/TiO2/O3 15,238.6 1.565 
UV/ O3 8,969.3 0.921 
Garcia-Araya et al 
[46] 
UV/TiO2/O3  
(Non-Buffered)  695.3 0.049 
UV/TiO2/O3 
(Buffered) 4,004.3 0.848 
 
 
Final ATZ Results: 
Study Experiment Rct’ Effective Reaction Rate, Ke (min-1) 
 
Fan et al [34] 
50 mg/L CNTs/O3 931.1 0.173 
250 mg/L CNTs/O3 932.5 0.171 
Cochran [26] 10 mg/L CNTs/O3 931.1 0.086 
Miller [16] 5 mg/L CNTs/O3 454.2 0.061 
10 mg/L CNTs/O3 919.9 0.103 
Guzman- Perez et 
al [53] AC/O3 427.9 0.039 
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Final CBZ Results:  
 
Study  Experiment Rct’ 
Effective Reaction Rate,  
Ke (min-1) 
Saeid et al [38] 
Pd-H-Y-12-EIM/O3 625.1 0.286 
Pd-H-Beta-300-EIM/O3 726.3 0.357 
Pt-H-Y-12-EIM/O3 616.3 0.292 
Pt-MCM-41-IS/O3 1,039.8 0.53 
Ru-MCM-41-IS/O3 1,822.2 0.936 
Aguilar et al [31] 
 
300 mg/L NiO/O3 8,391.4 1.145 
500 mg/L NiO/O3 8,140.1 1.185 
300 mg/L NiO/O3 + TBA 14,582.4 2.351 
500 mg/L NiO/O3 + TBA 11,472.8 1.769 
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Appendix B: Table of Study Characteristics 
 
 
Study  
Contaminant of Concern  Type of AOP Reactor Type  
Atrazine Diclofenac  Carbamazepine  MWCNT/O3 Metal Oxide/O3  UV H2O2 Batch 
Semi-
Batch  
Fan et al  X     X         X 
Miller X     X         X 
Cochran  X     X       X   
Guzman-
Perez et al X         X   X   
Borikar et 
al X X X     X X     
Beltran et 
al   X           X   
Gao et al    X     X       X 
Li et al    X     X       X 
Garcia-
Araya et al    X     X* X     X 
Moreira et 
al    X       X       
Rosal et al      X   X       X 
Aguilar et 
al      X   X       X 
Saeid et al      X   X       X 
Kim et al   X X     X X     
Bourgin et 
al  X X X       X     
Uslu et al  X X X       X     
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Study  
Data Collected  Duration of Experiments  Reaction Calculated pH 
C/Co  TOC  Interm. C/Co TOC  Intermediates      
Fan et al  X  X 100 min  
 500 min  Kd 5.25 
Miller X     2 min      Rct, K 7 
Cochran  X     5 min      K  7 
Guzman-
Perez et 
al 
X     60 min      Kd, Koverall, Rct 3 
Borikar 
et al X     20 hour          
Beltran 
et al X X   20 min  
120 
min   K 7 
Gao et al  X X X 20 min  60 min  60 min    7 
Li et al  X X   16 min  60 min      5, 7, 9  
Garcia-
Araya et 
al  
X X   16 min  60 min      
5, 7 
(buffered & 
nonbuffered) 
Moreira 
et al  X X X 70 min 
200 
min 500 min    7 
Rosal et 
al    X X   
115 
min  110 min  
K (L mmol^-
1 s^-1) 3, 5, 7 
Aguilar 
et al  X X X 5 min  60 min  60 min 
Kcbz, Koxalic 
acid (psuedo 
first order 
reaction) 
3.4 
Saeid et 
al  X   X 14 min    120 min      
Kim et al X     45 min        6.6 
Bourgin 
et al  X     33 min      Koh 6.5-8.5 
Uslu et al  X     320 min        8 
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Study  
For MWCNT studies     
Fucntionalized CNTS?  Special Notes  
Fan et al      
Didn't use tert 
butanol in all 
experiments  
Miller X     
Cochran  X     
Guzman-
Perez et al       
Borikar et al     
AOPS were 
implemented at pilot 
WWTP testing the 
results with multiple 
water sources 
Beltran et al       
Gao et al      
Includes data for OH 
formation over time; 
discusses stability of 
catalyst over multiple 
trials  
Li et al        
Garcia-Araya 
et al      
Used photocatalytic 
oxidation  
Moreira et al        
Rosal et al      *semi continuous ozonation 
Aguilar et al        
Saeid et al      Bronsted Acidity  
Kim et al       
Bourgin et al        
Uslu et al        
 
